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Instrumentation for Ultrafast Electronics

I. Summary

Increasing numbers of III-V compound semiconductor devices and circuits operate in a

regime where internal node testing with traditional electronic means proves impossible due

to circuit loading and limited time resolution. Electrooptic sampling employs picosecond

infrared laser pulses to non-invasively examine internal node voltages with 100 GHz

bandwidth. Under this grant, a very low phase noise synthesizer was purchased to provide

stable drive to the laser mode-locker, and a microwave synthesizer was purchased to drive

the device under test up to 40 GHz. In addition, a computer aided design graphics

workstation was purchased to permit the design of novel ultrafast devices. In-house

design, fabrication, and detailed diagnostic testing of ultrafast Ill-V integrated circuits are

now all possible at this unique facility.

II. Research Applications

Electrooptic sampling of high-speed GaAs circuits and devices has received increasing

attention as a powerful internal-node testing technique in the microwave regime. Previous

development of this system achieved bandwidths of approximately 40 GHz limited by

timing instabilities in RF sources driving the laser mode-locking system. To achieve the

bandwidth necessary for testing the ultrafast elements under development both here and in

other laboratories, a new RF synthesizer having significantly superior phase stability was

installed to drive the laser mode-locker. Having an absolute jitter of below 100

femtoseconds and significantly greater immunity to 60 Hz phase noise than a previous

driver, this instrument operates in tandem with a precision phase-locked loop to stabilize

the timing of the laser pulse train to better than 300 fs. Ultimate time resolution is

determined by the compressed optical pulse rather than instrument weaknesses. With

pulses currently 1.5 ps in width and expected to be well below a picosecond in the near

future, such timing stability is critical to high-performance testing.

To apply the ultrafast measurement capabilities of the electrooptic sampler to circuits

under normal operating conditions, sinusoidal microwave synthesizers are employed.

Scalar and vector measurements are facilitated by the versatility and extensive features of

such synthesized sweep oscillators. A computer sets the frequency of the microwave

signal to be equal to a harmonic of the pulse repetition frequency of the Nd:YAG laser
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offset by a small amount to walk through the signal for time-domain measurements. The

high performance pulse modulator of the sweeper with short rise and fall time is used to

translate the signal above the 1/f noise of the laser when operating in this mode. After

mixing the signal down to 50 kHz, a two-channel lock. in provides a direct readout of the
time waveform. w,

Because of low spurious and phase noise of this synthesized sweeper, high

performance vector measurements can also be made. In this mode, the source is remotely

controlled to set the drive frequency about 1 MHz abo-ve the multiple of the repetition rate,

and then detected with a narrow band vector voltmeter configured from the same lock-in
equipment used in time-domain experiments. To perform millimeter wave measurements :

external frequency multipliers are used in conjunction with the sweeper to extend its

frequency range. Doublers have been used to make standing wave measurements to study

the dispersion characteristics of uniplanar MMIC waveguides up to 40 GHz. Currently an

active probe (frequency quintupler) is under development to be used in conjunction with -

this sweeper which would allow on-wafer measurements of millimeter wave MMIC's at

W-band, 75 to 110 GHz. This will extend the vector measurement capability, including S-

parameter measurements, of the electrooptic sampler into the millimeter wave region.

With such a powerful test instrument in-hand, development of specialized, novel

ultrafast electronics is underway. A VAXstation 2000 GPX workstation provides the SI

computational power and graphics interface for design of arbitrary-angle custom integrated

circuits in GaAs. Subsequent mask production by an on-campus MEBES machine yields

fast turnaround and .5 .tm resolution. Then, facilities within the Ginzton Laboratory

permit rapid custom fabrication of the unique circuits or devices. Non-linear transmission

line circuits which produce 5 picosecond risetime pulses have already been fabricated in

this way, as have complex test structures with 1 gtm lines for characterizing the electrooptic

sampler performance.

A second software package on the same host allows experimental design and

modeling. Complexities in GaAs fabrication require some sort of empirical model building
5'-

to achieve process reliability and optimization. RS/1, RS/Discover, and RS/Explore, from -

BBN Software Products Corp. provide a powerful comprehensive tool to this end. Other

complex experimental systems, such as the dependencies of the electrooptic system

accuracy, may also be profitably characterized in this way. A third group of software

packages permits the modelling of semiconductor devices and circuits. PISCES, from

Technology Modeling Associates, provides simulation of device charge profiles that can be

used in designing silicon charge modulators for fiber-optic communications. Similarly,

SPICE provides simulations for design of circuits like the nonlinear transmission line

4 5/5



described above. Together, these tools permit much more advanced research into the

probing and design of novel ultrafast circuits.

I. Personnel

During the course of this project, two students were awarded degrees. Chris Madden

received his M.S. Degree in Electrical Engineering in June of 1986, and Harley Heinrich

received his Ph.D. in April of 1987. Dr. Heinrich's thesis was entitled "A Noninvasive

Optical Probe For Detecting Electrical Signals In Silicon Integrated Circuits".
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Reduction of timing fluctuations in a mode-locked Nd:YAG laser
by electronic feedback

I

M. 1. W. Rodwell, K. J. Weingarten, and D. M. Bloom

Edward L. Ginzton Laboratory. Stanford University. Stanford. California 94305

T. Baer

Spectra-Physics, Inc., Mountain View, California 94039

B. H. Kolner

I ewlett-Packard Laboratories; Palo Alto, California 94304

Received May 30, 1986: accepted fuly 21, 1986 S

The timing fluctuations of a mode-locked Nd:YAG laser are reduced by electronic feedback. Timing fluctuations at
rates of 50 to 250 Hz are reduced by more than 20 dB, the total timing fluctuations are reduced from 2.9 to 0.9 psec
rms, and long-term drift is reduced to 0.5 psec/min. Applications include time-resolved probing experiments and %
synchronization of lasers.

Mode-locked laser systems in conjunction with opti- at is the rms pulse width,
cal-pulse compressors generate extremely short opti- N(t) is the normalized pulse-intensity fluctuations,
cal pulses, making these instruments attractive for J(t) is the timing fluctuaton of the pulse train, and
time-resolved measurements of a variety of fast phe- To is the static timing offset of the pulse train,
nomena, including electro-optic sampling,' time-re-
solved carrier dynamics and electromagnetic transient then the laser intensity will have a power spectral
measurements in semiconductors, 2 4 measurement of density Sj(w) approximated to second order in n.j
optical waveforms by optical sampling,5 and time-re- by
solved spectroscopy.6 In these experiments the sys-
tem under test is pumped (excited) by the pulsed laser
and subsequently probed by a delayed portion of the SI(w) n Pexp(_W a,2 ) 'S [(1 - n-2W12oj)

same optical pulse; pulse-timing fluctuations are n=-
therefore unimportant. x 22r6(o nW1) + (1 ' 2)o, 2If excitation of the experiment with the probing
laser is inconvenient or an unrepresentative experi- + n2w12Sd(w - nw)], (2)
mental condition, the experiment can instead be excit-
ed by some other external source, such as a second where aj is the standard deviation of J(t) = rms timing
laser or an electronic oscillator, synchronized to the jitter, w, = 27r/T, SN(W) is the power spectral density of
pulse-repetition rate of the laser. The timing fluctua- N(t), and Sj(w) is the power spectral density of J(t).
tions of the laser then degrade the time resolution of Thus the spectrum of the laser intensity is a series of
the measurement and introduce noise. High scan lines at multiples of w, plus spectra associated with
rates can be achieved in externally synchronized ex- timing and amplitude fluctuations, referred to as %
periments by introducing an offset between the excita- phase-noise sidebands [SJ(w - nwl)] and amplitude-
tion and probe-repetition frequencies. noise sidebands [SN(w - nai)]. The jitter attenuates

Fluctuations in mode-locked Nd:YAG lasers in- the pulse train's spectrum at high frequencies, as indi-
clude variations in both pulse intensity and pulse tim- cated by the (1 - n 2W 2aj ) term, and degrades the rms
ing. If the laser produces a train of pulses described time resolution aexperiment of externally synchronized
by probing experiments:

1(t) =PT[1 + N(t)1 experiment = (at + 0)1 2  (3)
\' im. -1 -/2,t2" (1 af "  3 "

x 'S' --1_ expl-[t - T,- nT - J(t)]/2u,"1, (1) The phase-noise sidebands represent random fluc-
,v' -2rat tuations in the phase of the frequency components of

where the laser pulse train; in externally synchronized prob-
ing experiments the jitter introduces noise proportion-

(t) is the laser intensity, al to the time derivative of the experimental response.
P is the beam's average intensity, The phase-noise sidebands, having power propor-
T is the pulse-repetition period, tional to n2 , predominate for harmonics of moderate

0146-9592/86/100638-0:1$2.00/0 c 198, Optical Society of America
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106 ,m, 82 M Vdetector = kPI[1 + N(t1T. + J(t + V. , 5)

CELL NO: where V,, is the dc offset of the mixer and the subse-
quent amplifier. Given a feedback loop having high

VOT, GAIN FIND C N loop gain, Vdetector is forced to zero, and the laser tim-
;ing becomes

PWT 0 =-V,,kP, (6)

J(t) = TN(t). (7)

Thus, in addition to causing timing drift with

changes in mixer offset, V, introduces a static phase
offset T0 , causing first-order variation in phase-detec-tor output with variations in laser intensity, thus pro-

Fig. 1. System for laser-timing stabilization. ducing residual timing jitter. Sensitivity to laser-in-
tensity fluctuations also results from spurious cou-
pling of the baseband amplitude fluctuations S..(w)

order (5-100); at higher harmonics the expansion is from the photodiode to the mixer output owing to
inaccurate both because of higher-order terms in nwlaj finite mixer isolation. Because of these spurious out-
and because of spectral terms associated with pulse- puts, the output of the phase detector within the tim-
width fluctuations.7 Monitoring the laser with a pho- ing stabilizer is not a reliable measure of stabilizer-
todiode and a spectrum analyzer and measuring the jitter suppression.
relative powers of the laser harmonic and its associat- An improved phase detector (Fig. 2B) suppresses
ed sidebands at some harmonic of moderate order, we mixer offset by taking the difference between succes-
can infer S.Au). The total jitter can then be found: sive phase measurements taken with the photodiode

1f - ]i2 signal phase shifted 7./2 and -r/2 rad.' 0  A mixer
- . 0". = Sa('d 1  4.f ".,w(4) phase modulates the photodiode signal ±7r/2 rad at a

27r 100-kHz rate. The signal is filtered, removing spuri-
ous mixer products, amplified, and applied to a second

W Spectrum analyzers display the spectra of random mixer serving as a phase detector. The output of the
signals as the noise power integrated over the analyzer second mixer, a 100-kHz square wave whose ampli-
resolution bandwidth. Correction factors associated tude is proportional to J(t), is filtered, amplified, and
with the difference between spectral densities ex- synchronously detected with a third mixer. Spurious
pressed as a function of hertz rather than as a function coupling of the baseband amplitude fluctuations is

". of radian frequency, resolution bandwidths expressed prevented by the 82-MHz bandpass filter. Offset
.. by half-power bandwidth rather than by equivalentbynhalf-poer bandwidth rser has nt by eivale voltages arising in the third (precision low-frequency)-- -noise bandwidth, and noise measurement by envelope mixer and in the subsequent amplifier are small, and

detection rather than by power detection must be in- their relative effect is further reduced by the gain of

cluded. s Three Nd:YAG lasers tested showed jitter in the relaifir

the range of 2-10 psec rms, while a Rhodamine dye the 100-kHz amplifier.

laser synchronously pumped by an argon-ion laser had
20-psec rms jitter. R

We have reduced the pulse-timing fluctuations of a
mode-locked Nd:YAG laser by using a system similar I I

to that of Cotter9 (Fig. 1). A photodiode monitors the
82-MHz laser pulse train, and the phase of its 82-MHz
component is compared with that of a stable reference
oscillator, generating a phase error signal. The 41- Qt
MHz signal required for driving the laser's mode-lock- OSILROR

ing acousto-optic (A-O) cell is generated by frequency
,. division from the 82-MHz reference; its timing (phase) 1 *a

is adjusted with a voltage-controlled phase shifter con- B 1'Mot
trolled by the amplified and filtered phase error signal. ,.
Given an error-free phase detector and a stable-feed-
back loop having high loop gain, the phase of the laser B M -,M
pulse train will be continuously adjusted to equal the rILTU rILTC

phase of the reference oscillator, suppressing the laser- L a 1

timing fluctuations. Jitter suppression is limited by KMZ

phase-detector spurious outputs, by reference-oscilla-
tor phase noise, and by the limited loop gain achiev- MO
able in a stable-feedback loop. SC.ILLPR

Initially we used a double-balanced mixer as a sim- Fig, 2. Phase detectors: A, double-balanced mixer: B.
ple phase detector (Fig. 2). Given a sinusoidal refer- chopper-stabilized mixer R's. L's. and I's denote the mixer
ence oscillator input, the phase-detector output volt- radio-trequency, local -oscillator, and intermediate- frequen
age is. to first order in N(t) and J(t), ports).

.-
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the laser pole frequency, the compensation does not %

___ permit consistently stable operation if the frequency
I of unity loop gain is increased much beyond 5 kHz.

The loop's phase-noise suppression is shown in Figs.
, ____I _ ____ 3 and 4. In the frequency range of 500 Hz to 5 kHz the

phase-noise suppression is limited by the limited loop
A transmission. At lower frequencies (50-250 Hz) the

loop suppression is sufficient to reduce the laser's
phase noise to a level limited by the reference oscilla-

S ]- tor phase noise, giving a net reduction of 20 dB. Inte-
grating the phase-noise sidebands, we find that the
total timing jitter (aj) is reduced from 2.9 to 0.9 psec.

_- The small peaks in the stabilized phase-noise spec-

- trum (Fig. 3) are power-line-induced phase-noise side-I :bands from the reference oscillator. Finally, long-
______ Iterm timing drift is stabilized to approximately 0.5

Center 1.64 GHz 50 Hz/div. 10 Hz Resolution psec per minute. -

Fig. 3. 0-250-Hz phase-noise sidebands at the laser's 20th In our electro-optic sampling experiments, where J

harmonic: A. stabilizer off: B, stabilizer on. 10 dB per the signal acquisition bandwidth is between 10 and

division. 300 Hz and the optical pulsewidth a, is 0.85 psec rms (2
psec FWHM), the timing stabilizer suppresses the jit-
ter-induced noise power by 100:1 and improves the

F T r rms time resolution from 3.0 to 1.2 psec.
,I In summary, we have reduced the timing fluctua-

'-i 1 i- tions of a mode-locked laser by 3.2:1 and have reduced p
___ ___ ___ __ the low-frequency phase-noise sidebands by 20 dB.

_ _ ____ _ Further suppression of the phase noise will require a

1 reference oscillator having lower phase noise and will
-~ ___ require either modification of the laser to obtain re-

duced prestabilization jitter or implementation of a
• - more complex compensation scheme to permit higher

L_ 40_ loop gain over a broader frequency range.

- i We acknowledge the support of the U.S. Air Force
Office of Scientific Research under grant number
AFOSR-85-0016. M. Rodwell wishes to acknowledge

__I I 1 an IBM fellowship. .. d-

Center 1.64 GHz I kHz/div. 100 Hz Resolution References
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Internal Microwave Propagation and Distortion
Characteristics of Traveling-Wave Amplifiers

Studied by Electroop tic Sampling
M. J. W. ROI)WILL.\IAJIID RIAZIAVl. MI-MBLR, lii K.J. WE-INGARTEN. sit nsa ml mBIR. 11it,

B. A. AU)LD). 1-1llOW. L If I. AND)I. I 13100M, MUMBER., ifEE

.4h'.ruct -'Mhe internal sigtnal propagation and saturation characteritic% PROBE BERM
of tv~o monolithic microie (ra~eling-%awe amplifier% OW~A) are nica- [10

%ured h etectrooptic sanmpling. (Gate and drain line respons% art- corn-
pared %%ith theor ' and simulation. leading to relision% in the FF1 model'k
D~rain %oltage frequenc dependence and harmonic current propagation
together lead to more comple% saturation behaior than is discussed in the
literature.

I . INI RODL I IONFig I Sampling geornetrN uwcd for prohing Ioirip lransflhkivon%

T HUE FREQU'ENCY RESPONSE and distortion char- ic

acte ristics of monolithic traveling-wave amplifiers
(TWA) depend upon the propagation characteristics of which measures the electric- field- ind uced changes in

mlco~xve ignlsalog te gte nddran tans~sson polarization of picosecond pulses of subbandgap laser
lines. The bandwidth and gain flatness of thle amplifier are radiation as they pass through the GaAs substrate of the

* ~set by the finite cutoff frequencies of the periodically ICca noivselmaurthvlagstabtar
*loaded lines, the line losses due to FF1 input and output points within the circuit. The sampler currently has a
*conductances, and the mismatch between gate and drain bandwidth of 80 GHz, a timing drift of 0.5 ps'/mm. a

propagation velocities. The gain compression characterts- mesrdnieforf-6 dm(1H)adasptl
tics are set bx, several saturation mechanisms in the tran- resolution of 3-10 pm. depending upon the focusing lens.
sistors, by the power at which each mechanism occurs in Tesmlrcnb ofgrdt mlt ihrasm

*each FF1T. and by thle propagation of both the amplified piing oscilloscope or a network analyzer.
.signal and the generated distortion products. While somec GaAs is electrooptic; thus, the electric fields associated
of these factors are considered in the modeling and design with conductor voltages induce optical birefringence. caus-I
of a -TWA. the model can be verified only b\. measurement igasmall changinplrztotoasbndpotcl
of the amplifier's external scattering parameters: if an.I probe beam passing through these fields. The polarization

*amplifier does not perform to expectations. the cause is change can be detected by passing the probe beam through
not easily identified. If the voltages at thle internal nodes of a polarizer and onto a photodetector. Probing geometries
.the amplifier could be measured, the amplifier's character- for measuring the voltage on microstrip and coplanar
istics %kould be much better understood. Such measure- transmission lines are shown in Figs. I and 2. respectively .
ments are nowk possible using electrooptical techniques,. Fig. 3 shows the sampling system. A mode-locked

N~d:YAG laser is driven at 82 MI-z. producing optical
11. Ft I-( lROOPI IC SAMPiING pulses of 1.06-lim wavelength and 101)-ps duration. A

We have developed a system for direct .lcropi fiber-grating pulse compressor reduces the pulse duration
samlin in(ias itegate cicuis ~~. lecrootic to 2 ps and a phase- lock- loop timing stahilizer reduces thle

theexter n GarAch oftegadmiris [I 1 11. Incontrast to laser timing jitter to I ps. The probe beam passes, through
theextrna aproah f Vldmniseta. 11.our system,. a polarizing beamisplitter and a X /4 axeplate khose

major axis is oriented at 22.5' to (the axis of' the
\1jnki ript rc~ ciwcd Marc h 2X., J5 rc\i'cd Jimnc I Is, 11414, 1111,ork beamisplitter, producing an elliptical polaiiation. T-he el -

W'." upp 'rted hs tic Air foI Offiwc ,4 S~icniifi Rcsca,h uiindcr lipse major axis is aligned at 450 to the electroopt ic a\cs of
(rotI1W 2 iX1K 0 1)16 \1 Rods~vII rCcdakh 6 ik~ipporied h\ 1ii the GaAs IC substrate b\ a X 2 x as eplate placed hcts\ cell

IM~ I cliI'"\tip
%f I "~Rdci K I)Awa.rtcn. t8 A Auld. rid t) Nt Bloomr airc thle quarter-wkaveplate and thle circuit. I he beamn 1' fiicUsCk

"i Stanfordi L niscr~it\, f d~.rd t (iiii/on t .ilbttor%. Slikfrd. ( A bx, a -5 X microscope ob ectixe adjacent to or oni till
9i4 11ip

5

Nt Rji~i ~rh ,prdn cscii~hC pnic. t Nh C ~ '411 conductor of interest for thle milcrostrip or co~plainar gconie-
iii I t ,w. Npiirhcr SC iii tries. respeclisclx

(001I8-9480/'86/11200 - 1 356$0)1lAX 1980 IFF[I



RODWIA.I. el al: [RAVIAiNG-WAVE AMPLIFIIRS 1137

Vs,g GND 4 2

Zd 
1

TPU T'

FE ZFFT FET

P~~obe GoA S.Ibstroie- -- 3
Prb eomjt 400 r,-crons th Ck

NPIT L -.

Fig. 2. Backside reflection geometr used for probing coplanar "a',-
guide. coplanar strips, or lumped-clement interconnects Fig, 4 Travcling-.ave amplifier topolog.

1.06 pm. 82 MHz Pulse compressor

tV.P.

Synthesizers Mod toWaeplotes

26 G~zPolarizing

UUUT

Reeier Phodiode

Fig 3 Flectrooptiuc ampling ssirn. L

The reflected beam passes back through the waveplates. Fig 5 2- 8-( ifz TWA using mncrostnp tranmi,,on hnc,

producing a linear polarization rotated at 450 to the axes
of the beamsplitter, the polarization component of the and the FET capacitances together form synthetic trans-
beam at 90' orientation is directed by the beamsplitter mission lines, generally of 50- characteristic impedance.,

onto a photodiode connected to a receiver. Through the Series stubs are used in the drain circuit. equalizing the e J

electrooptic effect, the probed conductor voltage on the IC phase velocities of the two lines and. at high frequencies.
perturh the polarization of the returning beam. changing providing partial impedance matching of the drain output
the intensity of the beam incident upon the photodiode. impedances and thus increasing the gain. B\ using small

The circuit under test is driven by a microwave svn- devices at small spacings, the cutoff frequencies due to the
thesi/er whose output is pulse modulated at 10 MHz. periodicities of the synthetic lines can be made larger than
allowting sxnchronous detection with a narrow-band the bandwidth limitations associated with the line attenua-
lW-Mil/ double-sidehand receicr at a frequency higher tions arising from FET gate and drain conductances: thus.

thi the 2,W, kli I f corner frequent, of the laser inten- gain bandwidth products approaching .11 can he at-
,ilx noi'.C. If the microwave svnihesi/er is tuned to exactly tained [61. The amplifiers studied are a five-F[1 TWA for

the .\ :h harmonic of the laser pulse repetition frequency. 2 18 GHz that uses microstrip transmission line', (Fig. 5)

the sanic point on the circuit waveform will he sampled and a novel five-FET TWA for 2 20 Oilf/ designed sxith,
ccr, \ c,,cles 'he microwave frequency is then offset coplanar waveguide transmission lines 17.
10 I(0) i, to map out the Aaveform at this rate. In this
w,, the sampler operates as a sampling oscilloscope. To IV. SI I I -SIGNAI M tI ASt R MI NIS ,

use the sampler as a network analyzer, wke remove the By driving the TWA input %ith a swept-frequen,.
pulse Modulation. offset the microw axe frequenc, b, 10 sinusoid of small amplitude and then positioning the laser
1t11/. and replace the receixer with a narrow -band lo-Mlli probe near the FET gate and drain terminals, we measure
tclor ,i.ltmfter. I ,,itng the sampler. me have investigated the small-signal transfer function from the input to each of'

the tcaues of barndimiting and gain compresion inl to these nodes, showing relative drive levels at the [[1V gales

and outp-,t levels at the 1-FT drains. i
Packaging problems were found in testing the coplanar

III. Airi l R5 lSi l) IWA: the amplifier chip, %khich show ed 5.5-dH gain to 19 1,

In a distributed amplifier, a series of mall transistirs (ill, gasle 5-dB gain to onl , ( GI/ when bonded ti i

ire connected at regular spacings heiw een two high-i-nped- microstrip transmission lines. The long ground currenlt

ance transmission lines (Fig, 41. The high-impedance lines path between the chip and the licrostrip ground plane,

% % % % % %% %
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-1825 - G.T 1 5 16.rm0.0 0 5 2

7- 7S GHz :. 00 GHZ 1

1 6 Chip ground potential relatite to earrner poential. as a friction Fi g, 9 Measured \oltage at drain 2. drain 1. and drain rcserse terltlina-

of input S olage oIn the .oplanar TWA lion of flicrostrip TWA. a, a fraction of input \ollage

as 10

5_ 4

F~~ 'e'ne . O
Fi I) olag 'erusfrqune. t rans3.4.an ~ofnlcrst3

Fig 1 Volttolage sersus frequenc\ for the 3.4 nd5o inicrotrip TA.'aTA-

frattion 4f input It age toI amiplifier, desice, are nunthered in order 4 f
pro pagation of for'.sard ,k5a'c e l(iate I otiitd for Lt 1

terminated. These data were compared to simulations using
dOSuperCompac tT \4: the simulator's optimizer was then used

5 .to adjust process-dependent circuit parameters to obtain 4
the best fit to the measured data (Fig. 8). Model gate

2.5 - - Smultedtermination resistance increased to 80 Q2. C, increased

Measured from 1.0 to 1.14 pF/mm, , increased from 0.03 to 0.06
- pF/mm. source resistance r, increased from 0.58 to 0.72

S2, and source inductance decreased from 0.14 to 0.10 nH:

-1.1 these values fall within normal process variations. Inter-
ference between the forward and reverse waves on the

25.drain line results in strong frequency dependence of the
- l1 drain voltages (Figs. 9 and 10): this can be predicted b5

1 14 S (oitpari'on hcri siniulated and iteisured gale 4 s oltage ipeanlss
.ifter a1110st11e1t Of the Model tohotain best fit (11 measu1Lremntsn V. DRAIN VO)L IA(; DISIRIBVTIoN

After Avs 181. if the wavelength is much greater than
wvas suspected: opticallN probing the potential hetsAccn the Aal

the hip the spacing hetween the FET's. the synthetic lines can be
chip and package ground planes showed that th hp approximated as continuous structures coupled by a uni-
ground potential is only 5 dB belovt the input signal at frl itiue rncnutne h ie hnhv
high frequencit, (Fig. 6). indicating substantial package -om dsrbtdtasodcac.Tl ie hnhv

ground inducta :e. This inductance provides, feedback and characteristic impedances and phase velocities given bs the
sum of distributed and lumped capacitances and induc-

thus degrades gain. 4. package wkith) coplanar "'aveguide
transmission lie ieipoe efrac.hthsnot tances per unit length 181: the line impedances 8 Z,,,,Z,,

lins ~inproedperoranc. ut d5 and velocities ( r-V t7,,J ) are generally, made equal. The lines
yet been optically probed. te aepoaa~ncntnsgvnh

'Tie microstrip amplifier provides 6-dB gain to 18 (ii. thnacpragiocnsns ieb.

bile1 sinlaion predicts 7-dB gain to 210 (dl,. Fhe gate ry

voltage curves for this ampltfier (Fig. 7) show severail ae(. 21 - ! 1
features,: the rolloff be,,ond 18 ( H/ is the cutoff of the

synthetic gate line: the slow rolloff Aith frequencN at gates y a1 44/.t()

3. 4. and 5 is gate line attenuiation: and the ri'pples arceaOj /, 21

Standing Aa'es resulting fromn the gate litne being_ mis- where its the FIJI spacing. C,., is the gate source capact-

Vr r r C .:r , %
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It 'oigcerus rcucr\ ctccncd ~ npu \liae.al ririhigh frequencies the po\Aer absorhed b% the drai n-I ne~drain 3. and drain rcscrsc: tcrnivna,n J, -11,A11ated h\ (4)
reverse term Ination is about 20 dB belovk thle amplifier

output power. Furthermore. at high frequencies the Input
I Drainpower is absorbed primiarily in the FET input resistances

and ot n te gae-lne e cnton n u. pt ichffraiun

e ap, cie the WA i a breakon. coupter for ai conduc
termnatins rducethe okfor inear poergain btoa

not astesubsantpleain. tail eae othe utf
frqeny TheZIJ

1  pid ce fe nchoff oleta dr and thel
2/ itiutosas omlcth dran re-sadn oertage

reoft til thepdrfniert

The voltag alongitherdriei arnd pth e littiles aighFI frqipi
,, NI -rqe atdai ada dri 2 age fies inlude th a e forar cth odutge . necsar drai

ta c ,r sthe numbereofiFtc. G is the rft1 trcn- L tin, aimsing F 1 a iir the l it oad-line a n bpeachosn toa
~ isthein pt vltag, ad isthedistnce iaun Fi.1 o thrate l V these limits lr eceimu tla

drnucan lne ith thear ogloatedg aeio the drain-ln euret o. maximm, the ouptdbfrei cauratnton.
fomeTenation. ignong line datnuainiA, a 0sum Vro this lodline r h ronie gate an\in 5 l tg mtrc

-_____ als popi e doesg podi thion tapedpnhf g age' and t i le
V/ therate voltage mst andhdrain theadraiof all Ii I \can be

nelee. weav canneahopethatin euti'hie drain iian at thei
',~ ~ ~ ~ el I, c e"s plotted in1 a-ig .Teaoengctth lis ile haracteristic ) ithiedae / sad to, aindh

rltatebing ~ ~ ~ ~ ~ ~ of effec ofai the oeie drain stub (haig.l 4) Beas pieaer it ethctie indo tlfr

these ~ ~ ~ ~ ~ ~ ~ ~ ~ ri seieatusprviepatalhihirqonn.ilpd
\%nce nathnbere the ET's ands the drai transcis- Inasnl E mliir h odanecnb ~ocla
thcance VMi h nuoltage.s atd til taioiswr the dancre i i. 3s tha (l ths liis a recd (5)di
slgtubhonctie drain linhte orig. loctda rain-line neuy oltagein th uptpwrbfr-auain

alsors triaioes fgnrmg reietionatronhrann and F thes drain-line. rhe gre andndain Muisittan thec

terili nation \otae hich drai io c ng tol prcI taia Us outpu he ta reitnel e

s~~~ aslctd in the devic tested ie see fromn inig gmI tht t nA.niic

\A, ichis loted n Fi. 1. T e aoveanalsisnegect th lies hve harcteisu impdane, nd ,,, an

macigefeto ph sre ri stub (Fig 4. Bea s ph s eloii s an ~ * i,% %~ ot" **lc lonn%
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55r poi/div. 16 ps/div.

I 1 -' - SAL~raiIQn at drain, 4 andJ 5 oi1 mmirrsip T \k (ill/. I L I ' sjirrjh'n i atdr,:n 4 ind 'IA mir,,r ip t\k A III( ip
"-dlimi n1pLit p~\5cr -, lill IPIri Prl %scr

then the voltage alon- the drain line ooill be uniform as conduction at 7-d [3m input pos\ er. and clipping of' thle
fllows:positive e'scursions of thle gate s oltage wkaseforms %% as

I ~I )= -Pic5 /,,i - 7) observed. subsequent tests ss ere performed %ith thle
amplifier hiased rttrmallx ( 1, ( 0 V ). %k here aain corn-

ThIe drain-line oltage is uni forin and Ii phase ss ith the pression is, dominated b\ drain saturation.
Zgate-linle wiotage, alloss ing simultaneous saturation of all At 3 Ci 11/, thle small-signal .ol tages at thle drains of the
F FI\ and thus maximi.\izng the output poss er at satura- last two des ics are approminatel\ equal. and are larger

U01. than thle sm-all-signal oftages at drains. 1. 2. and 3 (lee
Ini thle uniform drain-line case. as is shoss hib (3) and b-\ Fivs. L) and I()) Thus, clipping occurs sirnl1taneousl\. at

Fieis. 9) and IM. the res erse ss ave on the drain line corn- drains 4 and 5 (Fig. ]14). Because of the smaller voltage
p1 icate, the problemn: the drain \oltages are equal onl\ at sss ings at drains I. 1. and 3. these de\ ices shoss strong I
Ios.% frequencies. and. h\, (31. thle res erse was e introduce,, a drain saturation onl\ at input power levels several decibels
phase shift betsseen the gate and drain voltages of each largecr than the Input posser necessary. to cause drain
Fl- F. Thus, Ii the uniform drain line case, neither the saturation Ii the fourth and fifth FIET's.
ct mdi tions for simul1.1taneous saturation of all F FT s nor the At I0 (IClit, thle distortion at the I -d B compression Pointv
conditions for sinlul.1taneousl\ reaching all saturation is, complicated b\i phase shifts between the 10-Glil funda-
miechanisms Ii a gisen F FT canl he met, mental and the 2(t-GHt generated harmonic currents (Fig

ile 2 IS C;II fiicrostrip amplifier has I -dB gain corm- 15). Thle 1 0-CHz small-signal voltage at drain 5 is 1.5 dB
pression ait 7-dlBi input posser. and is, not optimi/ed for larger than that at drain 4: thus. FF1 5 saturates more
mla\1imum11 poss er output: the lines are not tapered Ii the strong]l"s. As with the 3-Gli saturation characteristics, the
frmt ofI (S and the bias Is not set for niaximnum uncom- I -(i Ht small-signal voltages at drains I. 2. and 3 are%

pressed output posser. Ignoring for a Moment the frequt'nc\ coniparativek small, and thus the first three transistors do
dependence and position dependence of the gate and drain not showo signiificant saturation at I -dB gain compressilon.

ol ws.s canl estimate the gai 1 compression point and Th 2- i harnmonic current generated at F1E r-
d(ci ifs, thle predo mi nan t sat tiration mechanismri. With a d uces equal f'orsa rd and reserse drain s ol tie i,%ai Cs at 20

gatIe bi,, oltage I' of - (0. V. a drain bias w otage I (I f C 11. With It -ps line dela% betsseen drains, 4 arid 5. thle
3. .a inlchoff 'oltage of approximatel\ - 2 V. and an 20-C ;1i reverse 55m astrom FF1 5 undergoes, 20-ps relative %d

,iiiplifier s oltaige gaiin of .-1 2 (6 Lill). thle gaite signial is phase dela% ss hich Is 720 of a It)-CiH ccle) beore

IS IS I and thle maximunllI rIegatie drain olt- comibiniric ssth thle lti-( ji forssard ,kao.e at drain 4. The
c ecursion is, limited bs drain saturation to tIreslingI- soltagc ss,iseforni at drain 4 \sould then ap-

iI~ ~ S , l.t -- 1.2 V corresponding to prosiae .1 sas mooth funtion:11 drain saturation ait lI I- 4
I I .5-d liml Output poss er With O-d B amrplifier gaini drain then lips thle peak necatio e ew~ursNion. D epending Upon
"i t iitiJIi0 ss ill thuis occur at input posser les els of cap- thle hune dlasI bes cNuccessise draiims. the res erse-propa-
prov'ilmitels, 5.5 dM[lm. ss ileI thle Ima\1itiium1 Input s ltiage gaItinrg harmlonic. Currents, canl either incase or decrease
befrmre gate foros .rd condcIIton occurs is, 81' ~ti thle Peik olt~igcs ait ither draiis. i ncreaisinrg or dec.reasing.

I 5V corresponing92 to 8- ininput p oSser. As thle it urat ion ait prior deo. ices.
pinc~hoff and draiin breakdoss~ iioccur onl11 at still higher A\t I,% (Ii/ I. the s1mll-stinal drai soltage ait drain 4 1,

lpUt possers. thle niaitiun posk er Output of, thle amplifier l.irger thian thati atn draiin S.I Hu,. at the I -dlI gaiin cotiipres-
is thu, limited b\ dr~iii saituration. Prohirig the draiin and sin point. I F.1 4 ss% ill satiuraite stronigk \\tile Ii I 5 sso Ill
g-ate larcew-stigal s oltage ss as forms ss ith the ammpli fier shosso orils soeak dIrini saituration. -\t rthis frequeICsI\ I I- I's
dIris en at its I -dB vI ain Lonpre~siori poss er. ss e ob-se enri 2 arid 3 has e srill1-signal1 drain s oltages that amre u.0 1 LI B
clipping of thle gait wolage ssasefortis s (itch ssould ,irise smaililer than at drai 4. And thus Ai1'o shosk sitficanit
from uate fors ard conduLctilonl). butl obsers clipping oif the drain s~tUramtnot. Ihe 10-011 i harmniiic currents generated
rIegat iC ekeclursio nN (if thle d rai iin inI tage: wasefornis: the at (traini 4 are be oild tile cutoff frequerico of thIe osrilbiiii

clipping resulting fro m dramin riaturation. Adjustmlerit of the dtrain lirie. the gernerated 36-C lit fors .rd ss.is e thus expe-
gate bias I> to iiV results Ii significanit gate forsard rierices significint dispersion arid attenuaition relaiise toi

N.P
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it., ( aAs tra~.'lng- "a~c p,,%%cr aniplilm 'c /I / I %or t,'.

at v~ 'r [1 c. [e i, NI T r " 1 pp 41, "far
lI1[ P1 It Iadhrsxke, Law q~inal riicria 1ii 11C dc'14n oI 'a.\

I FT dis.tributed Po\'ocr ainpl fierr< li It I b 1) ..
il 1H)-;Q. pp 1'45 1'~4%. Sep( lcN55

1 to It) Saturation at drain, 4 and nn ir.-iijr IV \ Is tdt.. '5

the I X-(iHz for~oard wase as the twko %kases propagate
vk)\ ards, drain 5 and the output, The %~oltage .s a~eformn at

drain 5 is, thus visibis distorted, hut the phase relationship
between the fundamental and the distortion component,, M. I. %k Rudwd ll.. horn n J All IJr\ NH I i .

has I :n shifted, and the v\ ao eformi no long er cleats in \Itrinchin. I 1n4and t1, r,,c cl fJile It I
reflects the drain saturation was eformi ohscrs ed at drain 4 ~ g~ ndIrclcgnc~;rr cIn rsit .1 Tennc,c ' nCC rlc in '5 and the I(Fig. 16) \I S F- I degree from Stanford I. Sli~t ntf-

ford ( A. in IN4s ( Lirrcnll\ is icr I I'lh 1)
V 1. C\( usovsstudent in cIc, tri,aI cfl~pncCin2 ,if Stanf.'id.

pursuing rc'car, h n pit,.'sc,,,nd opiand Cc,-We hase studied tim propagation of signals, internal to tr,'ni, I
nicross ase distributed amplifiers, s\ith electrooptic sam- I r,,ii N'S' toIh 94, Nc orqkc, at A I&1I

pling. Gate-line attenuation and cutoff is observed, as is tBnits.n' tm ell IaN',rai' ric5 . dcsigninc. Ifberpi. dfifaf

interference of the forward and reverse \kase on the drumn
*lines, both as predicted bv theory. Using a microwxave%
-smulation program. the circuit models can be adjusted to

ohtain a fit betwecrn simulated and measured internal node
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Electrooptic Sampling of Gallium Arsenide Integrated Circuits

K.J. Weingarten. M.J.W. Rodwell, J.L. Freeman, S.K. Diamond. and D.M. Bloom

Stanford University, Edward L. Ginzton Laboratory
Stanford, California, 94305

I. Introduction

As GaAs integrated circuits (IC's) grow in speed and complexity, new methods to ac-
curately measure the internal node response of these circuits are required. Sampling
oscilloscopes have a 25 ps risetime and network analyzers can measure linear response
to 100 GHz. However, both instruments load the test point with 50 fQ limiting their
use to input or output ports. Electrooptic sampling was pioneered [1],[2],[3] to mea-
sure optoelectronic devices (photoconductors and photodetectors) with response times
shorter than a sampling oscilloscope's resolution. To address the need to test internal
nodes we have developed an electrooptic sampling system for probing signals directly
within a GaAs IC [4].

2. Electrooptic Sampling System

Gallium arsenide is electrooptic; the electric fields from conductor voltages induce op-
tical birefringence, causing a change in polarization to a suitably polarized probe beam
passing through these fields. The polarization change can be detected by passing the
probe beam through a polarizer and onto a photodetector. For the longitudinal probing
geometry the change in intensity of the received beam is linearly proportional to the
voltage [4] across the substrate at the test point. Probin geometries for measuring the
voltage on various conductor types are shown in Fig. 1 [5j,[6].

Probe Beam Vsig GNO

[100

~Conductor

GaAs Substrate GaAs Substrate

100 microns thick Probe Bom 00 microns thCk

Ground Plane [o00]

Figure 1: Cross sections of sampling geometries. Frontaide (left) for probing microstrip trans-
mission lines and backside (right) for planar transmission lines and wire interconnects
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Figure 2 shows the sampling system schematic. A mode-locked Nd:YAG laser
is driven at 82 MHz, producing optical pulses of 1.06 pm wavelength and 100 ps
pulsewidth. A fiber-grating pulse compressor reduces the pulse duration to 2 ps [7]
and a phase-lock-loop timing stabilizer reduces the laser timing jitter to 1 ps [8]. The
probe beam passes through a polarizing beamsplitter and a A/4 waveplate producing
elliptically polarized light with its major axis 22.50 to the beamsplitter axes. A A/2
waveplate rotates the axes of ellipse to 45* from the electrooptic crystal axes of the
substrate. A microscope objective focuses the beam through the substrate adjacent
to or on the conductor of interest for frontside or backside probing, respectively. The
reflected light passes back through the waveplates and beamsplitter, producing linearly
polarized light at 45* to the beamsplitter axes. The polarization component reflected
from the beamsplitter is directed onto a photodiode connected to a receiver. The beam
intensity at the photodiode varies linearly with the voltage on the conductor [4].

%, The system can be configured to emulate either a sampling oscilloscope or a network
analyzer. To emulate a sampling oscilloscope, the microwave synthesizer is set to
an exact multiple of the laser pulse repetition rate plus some small frequency offset,
typically 10-100 Hz. The received intensity then varies in proportion to the signal
voltage at this offset frequency. To improve the signal to noise ratio, the microwave
signal is also pulse modulated at 10 MHz for synchronous detection. To use the sampler

1.06 pm. 82 MHz Pulse comprossor

Timing tab'iler 2 2

Figure 2: Schematic of the electrooptic sampler

10 MHz

~Photodods

as a network analyzer, we remove the pulse modulation, offset the microwave frequency
by 10 MHz and use a narrowband 10 MHz vector voltmeter.

The measurement bandwidth is set by the optical pulsewidth and the pulse-to-pulse
timing jitter. The pulsewidth is measured with an optical autocorrelator; however,
this does not uniquely determine the pulseshape. A more useful measure of the pulse's
frequency content is the Fourier transform of its autocorrelation, the power spectral
density (PSD) 19]. The compressed pulse autocorrelation, with a FWHM of 2 ps, has a
-3 dB point of 100 GHz, slightly less than that of an ideal 2 ps FWHM gaussian pulse.

The timing jitter degrades the system performance in two ways, increasing the noise
floor and decreasing the measurement bandwidth [8]. However, using a phase-lock-loop
to stabilize the laser timing with respect to a stable microwave synthesizer, the r.m.s.
jitter has been reduced to less than 1 ps with long term drift of about 0.5 ps/minute.
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3. Circuit Applications

Since the sampling system can emulate either a sampling oscilloscope or a network
analyzer, it is ideally suited for circuit measurements on GaAs IC's. Signal timing.
risetimes, and propagation delays on a number of digital circuits have been measured[61.[10]. On an 8-bit multiplexer clocked at 2.6 GHz [111, signals on interconnects",,'

as narrow as 2 pm and the bottom of air bridge posts were measured, including the
serial output word of the MUX and the timing of the 8-phase clock. To measure
propagation delays, a test structure consisting a strin of 20 inverters for average gate
delay measurements with conventional electronics [12 was probed. By switching the
first inverter with a microwave synthesizer at gigahertz rates, a repeating square wave
rippled through the inverter chain. The probe beam was then positioned at nodes in
the circuit to measure the delays between inverters and between the FET's internal to
individual inverters (see Fig. 3).

Ap

p

N Wc

100 ps/div.

Figure 3: Propagation delays through one inverter of the 20-inverter test structure. A: Drive
signal from previous inverter B: Delay through inverting FET, 60 ps C: Delay through buffer
FET and diode-level shifters, 15 ps

More recently the system has been applied to the extensive characterization of mi-
crowave amplifiers [13]. Using the sampler in the network analyzer mode, the small-
signal response at internal nodes was measured (see Fig. 4). Comparing the measured
data to the simulated data , the process-dependent circuit parameters were modified
to obtain a best-fit. Modeled gate termination resistance increased from 50 £1 to 80
9, and the devices' f, decreased by 14%, for example. The large-signal, saturation
behaviour of the amplifiers was studied using the system as a sampling oscilloscope.
Harmonic distortion at fundamental frequencies as high as 21 GHz was observed.

In the network analyzer mode the sampler measures the vector voltage on the IC.
A network analyzer, however, measures the forward and reverse traveling waves. By
measuring the voltage along a conductor, the forward and reverse traveling waves can
be calculated. Figure 5 shows an example of such a measurement on a transmission
line with two different load terminations. For a line terminated in its characteristic
impedance, the magnitude is constant and the phase varies linearly with slope b, the
wavenumber, while for a perfect short or open, the magnitude varies sinusoidally. From
this data the reflection coefficient, loss, and dispersion can be calculated. Scanning "
perpendicular to the conductor allows for measurement of the potential distribution
(Fig. 6). Note that the potential drops off in roughly the distance ofsubstrate thickness,
350 um, as expected. The phase shift near the edge of the substrate is evidence of
coupling of the guided wave to higher-order leaky modes. %
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Figure 4: Small-signal voltage frequency response at the gates of a 5-FET distributed amplifier
(gate I omitted for clarity)
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Figure 5: Length scan of microstrip transmission line for two load terminations at 16 GHz
drive frequency: 1) magnitude and 2) phase with 50 11 termination, 3)magnitude and 4) phase
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4. Conclusion

We have described an electrooptic sampling system designed for making ultrafast mea-
surements on GaAs IC's. The system has a measurement bandwidth of 80 GHz, a
timing drift of less than I ps, a noise floor of 300 uV (1 Hz), and a spatial resolution
of 2 um. Using the system as either a sampling oscilloscope or a network analyzer.
we have measured signal timing, risetimes, and propagation delays in digital circuits
with picosecond resolution, frequency response and harmonic distortion in microwave
amplifiers to 20 GHz, and standing waves, propagation constants, and potential dis-
tributions of transmission lines to 40 GHz. The technique has a potential bandwidth
extending past the millimeter-wave range (300 GHz), and future use of this system will
concentrate on the study of new ultrafast GaAs circuits and devices.
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Picosecond Sampling of GaAs Integrated Circuits

K. J. Weingarten, M. J. W. Rodwell, and D. M. Bloom

Edward. L. Ginzton Laboratory
Stanford University
Stanford, CA 94305

ii1, Introduction

Gallium Arsenide (GaAs) microwave integrated circuits (IC's) are now being developed for
operation in the millimeter-wave range, while GaAs digital IC's have demonstrated
ring-oscillator propagation delays of 5-10 ps, with gate delays of 50-100 ps for larger
scale circuits. Digital IC's are currently tested only by indirect techniques (multi-stage
propagation delay or cycle times), while microwave circuits are tested by external
scattering parameter measurement; if the circuit does not perform to expectations, the
cause is not easily identified. Electrooptic sampling was initially developed to measure the
response of photoconductors and photodetectors faster than the time resolution of sampling

J. oscilloscopes and used an external electrooptic modulator connected to the device under test
a,,' [1,2]. The system developed at Stanford uses the GaAs IC substrate as the electrooptic

material, permiting detailed internal-node circuit evaluation with picosecond time
resolution.

2. The Samnling System

GaAs is electrooptic; the electric fields associated with conductor voltages induce optical
birefringence, causing a polarization change to a probe beam passing through these fields.
Figure 1 shows the standard probing arrangements. For standard [1001 cut GaAs substrates
the probe beam is effected by the longitudinal field components. Passing the reflected light
through a polarizer results in a change in intensity proportional to the voltage across the
substrate at the probe point [3]. For frontside probing, the fields extend from the conductor
roughly the distance of the substrate thickness and the probe spot size is set to
approximately one-tenth of the substrate thickness to accurately measure the conductor
potential. For backside probing, the characteristic extent of the fields into the substrate is
the distance between the signal conductor and the ground; the substrate thickness must be
much greater than the signal-ground spacing and the probe spot size should be less than or
equal to the conductor width.

The sampling system is shown schematically in Fig. 2. A Nd:YAG laser produces 1.06 w.,
90 ps pulses at an 82 MHz rate. The laser has free-running pulse-to-pulse timing
tluctuations of 4 ps rms, reduced to less than 0.5 ps rms by a feedback system [4]. A
fiber-grating pulse compressor shortens the pulses to 1.5 ps FWHM. The beam passes
through a polarizing beampslitter and two waveplates, then is focused through the IC
substrate with a microscope objective to a 3 g±m spot on the probed conductor (backside
probing) or a 10 lim spot on the ground plane adjacent to the probed conductor (frontside
probing). The reflected light is analyzed by the polarizing beamsplitter; the change in
intensity is proportional to the voltage across the GaAs substrate [2] and is detected by a
photodiode connected to a vector receiver.
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3. Bandwidth and Noise Considerations

The system's bandwidth is determined by the optical transit time of the pulse through the
GaAs substrate where fields are present, the optical pulsewidth, and pulse-to-pulse timing
jitter of the laser with respect to the microwave synthesizer driving the circuit. In general
the optical transit time of the pulse in the GaAs substrate can be neglected. Because the
optical and microwave dielectric constant in GaAs are nearly equal, microwave transmission
lines have a cutoff frequency for higher-order modes roughly equal the inverse of the
optical transit time. Well-designed microwave circuits operate at frequencies well below
the multimode cutoff frequency. Only when measuring interconnects near or above the
cutoff frequency (where dispersive characteristics are of interest) must the optical transit
time be considered.

To accurately measure the shape of circuit waveforms, the impulse response of the system
should be of short duration and free of *wings" (long-duration substructure). Using a 1 km
fiber in the pulse compressor introduces significant group velocity dispersion, producing a
more linear frequency chirp [51, reducing the wings on the compressed pulse. To
accurately determine the extent of wings on the compressed pulse, the autocorrelation is
numerically Fourier transformed to obtain the power spectral density of the pulse.

Timing jitter influences both bandwidth and sensitivity; the impulse response of the
sampling system is the convolution of the optical pulse with the probability distribution of
its arrival time (neglecting optical transit time), while those Fourier components of the
jitter lying within the detection bandwidth of the receiver introduce noise proportional to
the time derivative of the measured waveform as shown in Fig. 3. Stabilization of the laser ,
timing is thus imperative for low-noise measurements of microwave or picosecond signals.
To address this issue a timing stabilization feedback system was implemented to reduce the
jitter to a level less than the optical pulsewidth. Figure 4 shows the reduction of the timing
jitter of our laser, measured as phase noise with an RF spectrum analyzer. With the
addition of a low-phase noise synthesizer (HP8662) and an improved modelocker the laser
exhibits jitter of <300 fs rms. '

Fig. 3 A 20 GHz signal, measured with
the electrooptic sampler. (a) Timing

S stabilizer on. (b) Timing stabilizer off.
Excess timing jitter introduces excess
amplitude noise, timing error, and
reduces measurement bandwidth.
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To achieve accuracy, repeatability, and fast acquisition of circuit measurements requires '.

shot-noise-limited sensitivity in the detection system [2]. Low-frequency noise on the
laser contributes excess amplitude noise above the shot noise limit to a frequencies of -.

several hundred kilohertz. To translate the signal detection to a frequency where this 1/f
laser noise is below the shot noise limit, the microwave signal to the IC is modulated at 10
MHz. With a narrowband 10 MHz vector receiver, the resulting shot-noise-limited
sensitivity is sufficient to acquire measurements at scan rate of 10-100 Hz. For
microwave circuits or simple digital circuits, the input signal is pulse modulated at 10
MHz. For sequential digital circuits which do not operate correctly with chopped excitation,
a small-deviation 10 MHz phase modulation is used. In this case the received signal,
proportional to the derivative of the sampled waveform, is integrated in software [6].

The pulse compressor is also a source of several types of excess amplitude noise.
Stimulated Raman scattering (SRS) with gain proportional to the pump intensity and
interaction length, sets an upper limit to the intensity in the fiber and thus an upper limit
to its compression. However, as the pump intensity approaches the SRS threshold, we
observe a substantial increase in amplitude noise above the shot noise limit on the
compressor output (Fig. 5). The period of the repetitive noise spectrum in this figure
corresponds to the free spectral range of the 1 km fiber; the high gain of the SRS and 4%
Fresnel reflection at each end facet form a parasitic synchronously-pumped fiber-Raman
laser [71. Self-phase modulation (SPM) occurs over the enter length of the fiber while the
interaction length for SRS is set by dispersion-induced walkoff between the input and
Stokes-shifted wavelengths, approximately 60 meters. This dispersion also causes the 1.06
jm pump and the 1.12 gim Raman pulse to seperate by 1.8 ns over the length of the 1 km
fiber. The weakly reflected Raman pulse is further amplified if after its first round trip
through the fiber it is synchronized to within 1.8 ns of a pump pulse. With this condition
the Raman threshold with the 1 km fiber is 400 mW average power from the fiber output.
Trimming the fiber length a few inches defeats this synchronism and increases the Raman
threshold to 700 mW. We routinely obtain SOX compression ratios at power levels (350
mW average power from the fiber output) well below the Raman threshold.
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In addition to SRS the fiber generates broadband polarization noise, possibly arising from
guided acoustic wave Brillioun scattering [8]. The polarization noise is converted to
amplitude noise after passing through the grating pair in the compressor. Adjusting the
polarization from the fiber to maximize transmission through the grating path results in
second-order intensity variations due to polarization fluctuations reducing this excess noise
to a level below the shot noise limit. To suppress polarization drift, the non-polarization-
preserving fiber is placed in a temperature-stabilized environment.

4. Circuit Measurements

Propagation delays of switching devices in simple test circuits, measured by either
electrooptic sampling or by conventional methods, are used to project the maximum clock
frequency of these devices used in digital systems; unless the test circuit provides
representative switching voltages, interface impedances, and fan-in/fan-outs, the measured
delays will not correlate well with the maximum clock frequency of circuits such as shift
registers, binary multipliers, and memory. In particular, the risetime of a single device Of,
driven by a low-impedance photoconductor and loaded by a low-impedance transmission line
will be much shorter than the propagation delay of a logic gate driven by the moderate output
impedance of a driving gate and loaded by the input capacitance of a cascaded gate. The
simplest representative test structures, ring oscillators and inverter strings, load the gates
with unity fan-out and hence give optimisticaly small delay measurements. Ring oscillators
often operate small-signal (without full logic-level swings), however, while inverters
strings allow large-signal operation to be verified. Using such a string of 1 g~m gate
buffered-FET-logic (BFL) inverters, we have measured large-signal gate propagation
delays of 75 ps [6].

Master-slave flip-flops, connected as binary frequency dividers, operate with realistic
signal levels and loading conditions, and serve as better performance indicators. We have
tested 23 GHz dynamic and 18 GHz static frequency dividers implemented in BFL and
capacitively enhanced (CEL) MESFET logic from Hughes Research Laboratories [9] using the
modified Cascade probe station for electrooptic sampling. These circuits used 0.2 .m
e-beam written gates, molecular-beam epitaxy grown channels, air-bridge interconnects,
and optimized feedback to achieve such clock rates. Correct divide-by-two operation was
verified by direct waveform measurement (Fig. 6), gate propagation delays of 30-40 ps
were measured and correlated to maximum clock frequencies (Fig. 7), and the internal
delays through the inverting and source-follower stages of individual BFL gates were
identified.
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Configured as a vector voltmeter, the sampler has been used to measure voltage transfer

functions of microwave structures and circuits, including slotted-line measurements of

standing wave ratio (Fig. 8), phase velocity, and lateral potential distribution [10] of

microstrip and coplanar waveguide transmission lines. On GaAs microwave amplifiers,

propagation of microwave signals internal to microstrip and coplanar-waveguide MESFET

distributed amplifiers [11,121 have been measured (Fig. 9), and the gain saturation

behavior of these circuits investigated (Fig. 10).

Fig. 8 Standing wave on a CPW
transmission line at 20 GHz with an open
termination at one end.

1,4

Position, mm
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- Fig. 10 Saturation waveform at drains 4
- --- ~ -and 5 of a 2-18 GHz distrubuted amplifier
- - - -- - at 10 GHz and 1 d8 gain compresion
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With a pulsewidth of 1 .5 ps FWHM and a demonstrated timing jitter !5300 fs, the
electrooptic sampler has a measurement bandwidth exceeding 100 GHz. A microwave probe
station has been modified to allow for electrooptic probing of GaAs IC's at the wafer level.
With a spatial resolution of 3 I.m and a noise floor of 300 g&V(1 Hz), the system is suitable
for characterization fo ultrafast digital and analog GaAs IC's, such as inverter chains,
multiplexers, frequency dividers, and microwave amplifiers.
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NONLINEAR TRANSMISSION LINE FOR time is given by
PICOSECOND PULSE COMPRESSION AND T - [Tit,- T(tc5 ] (2-
BROADBAND PHASE MODULATION T-1 - max T (2)

T.,

Indexing terms: Integrated circuits, Transmission lines, Phase Line periodicity introduces the dominant cutoff frequency
modulation wp_,, given by the implicit relationship

Simulations and scale-model experiments indicate that ZICie u,_ sin (w, T) 2 cos i w, t) + I )3)
shock-wave formation on a GaAs integrated circuit nonlin-
ear transmission line will generate electrical pulses with rise -p,, -t 2 , (LC,,)
times less than 5 ps. and that velocity modulation on the line - L
will permit broadband phase modulation from DC to where C , = [Q(t')- Q(t'jJ (tA- t,) is the varactor's large-40 G Hz, whr"1 0th 0A( 1, stevr'trslre

signal capacitance, and where the approximation holds for

C,, r,Z,. Increasing (a, by decreasing the diode spacing "
Devices for generation of fast-rise-time electrical transitions will decrease both the small-signal characteristic impedance
are crucial for high-speed digital and analogue applications Zo() = , [L Cr4t)] and the large-signal characteristic imped-
and for wide-bandwidth electronic instrumentation. In partic- ance Z,, = ., [LCI, + r Z,)]; if we constrain Z, = 50(. then
ular. the bandwidth of diode sampling bridges used in sam- C, must scale with Zr and :),, is then limited b) litho-
pling oscilloscopes, network analysers and microwave graphic constraints on the minimum varactor size. The varac-
frequency counters is limited by the rise time of the pulse tor series resistance r, introduces a varactor cutoff freq-
gating the diodes. Step-recovery diodes can generate tran- uency of e., - 1 rC limiting the compressed rtse time to
sitions of 50ps rise time and - 10V amplitude, while tunnel -2.2r,C,.' Finally, both analysis"b and experimental
diodes can generate steps of 25 ps rise time but with amplitude results ' indicate that pulse broadening due to transmission

0-2 V) insufficient for most applications. line dispersion and skin impedance is small relative to that
The nonlinear charge-voltage relationship of a reverse- due to line periodicity.

biased semiconductor junction (variable capacitance diode or Schottky diodes with terahertz r,C cutoff frequencies are
varactor) is used for harmonic generation at frequencies as readily integrated with microstrip or coplanar waveguide
high as 350G.z.' If varactors are instead incorporated into a transmission lines on GaAs substrates. A nonlinear transmis-
transmission line as periodic nonlinear shunt capacitances, a sion line incorporating 60 diodes with C 5 fT (active area
nonlinear transmission line is formed. Parametric gain and 5 x 5pum on material with 3 x 10"t cm 3 doping at 160pm
shock-wave formation on fully distributed varactor lines was spacings (it = l-4ps) along a 900 coplanar waveguide has a

studied by Landauer' and Khokhlov.' Jager and Tegude' large-signal characteristic impedance Z, of 50f) for a 0-2 V
have studied harmonic generation, slow-wave propagation step. The periodic-line cutoff frequency of 14OGHz, an order
and parametric amplification on periodic nonlinear lines. We of magnitude smaller than typical varactor cutoff frequencies.
show, by calculations, simulations and results with a 20:1 should result in a minimum compressed rise time of the order
scale model, that shock-wave formation on a monolithic of -0.35 140GHz= 2 5ps; more accurate nonlinear circuit
periodic nonlinear line can be used for compression of 25ps simulations using SPICE indicate that a 2 V step-function
electrical transitions to rise times less than 5 ps, and that input with 25 ps rise time will produce an output rise time of
velocity modulation on the line can be used for phase 4ps.

modulation' of carriers from DC to millimetre-wave fre- We have constructed a 20 1 scale model of the proposed
moulation, omonolithic device, using 45 silicon abrupt-junction diodes
quencies. N

-he device is shown in Fig. I. A relatively high-impedance with C,0 = I pF and i = 0.8 V at 28 ps spacings along a 900
transmission line of characteristic impedance Z, is period- microstrip transmission line. Because the diode polanty on the

scale model is reversed from that of Fig. f. the scale model
RG .2- compresses negative transitions. The measured group delay

T(t) varies from 2 2 ns to 17 ns and Zo('I varies from 450 to
RL 58fl as the bias is varied from 0 V to -3 V. In simulations the

scale model compresses 0 V to -2 V transitions of 360 ps fall
time to 80ps output fall time. To compress the slower 525 ps
transitions available from our pulse generator, the input pulse

Fig. I Nonlinear transmission line initial voltage is increased to 0)5 V. increasing the line's com-

ically loaded, at electrical spacings of r (in units of time), by pression [T(rc) - T(r,)]. The bias change increases C. and
Schottky diodes serving as voltage-dependent shunt capac- hence decreases , the resulting compressed output fall time
itances. producing a synthetic transmission line whose propa- is lOOps (Fig. 2). A step-function input is not necessary for fast
gation velocity is voltage-dependent. For input signals v.,lt) edge generation: driving the line with a 15 dBm 300MHz sine
such that at all points on the line the propagating wave is of wave with - 1 25 V bias generates a sawtooth output wave-suficiently long rise time. the output of the line is form with 100 ps fall time.

The nonlinear line is also a broadband voltage-controlled

Tit) = nt [LCri')]

where n is the number of diodes in the line, L = Z~r is the
transmission-line inductance per section of line. C1.r)=
[C,41) +-T Z1 ] is the total capacitance per section and the
capacitance of a step-junction diode with junction potential -2
0 is Cyt) = C, , I I + ..

As an input signal t,1t). a step with initial voltage i, nal -2'.
voltage i and rise time T, _. propagates along the line, the o . "
rise time will at first decrease linearly with distance. As the
pulse rise time decreases, dispersion arising from the struc-
ture's cutoff frequency , competes with the compression
arising from the voltage-dependent propagation velocity, and _ . ""0

0 02 0 6 08 1a final limited rise lime T,.. of the order of but longer than 00
22 w,. is reached at which the rise time compression per
ectlion due to line nonlinearity is equal to the rise time Fig. 2 feasured compression 11 sp' input fall time' to l'I p, stput

broadening per section due to line dispersion The output rise fall time on 20 1 stale m, del
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linear phase-shifter; at frequencies from DC to -w,,,4 the GaAs with Schottky diode mixers and FET amplifiers, the
line provides constant voltage-controlled group delay and nonlinear line should find broad application in microwave
small insertion loss, while Z o shows only a small variation and millimetre-wave systems.
with voltage. Superimposing on the line a DC bias plus carrier
and modulation frequencies results in phase modulation. The Acknowledgments: This work was supported by the US Office
carrier co, modulation w., and generated sidebands wo ± nc,, of Naval Research under grant N00014-85-K-0381 M.
are phase-matched provided that all these frequencies are Rodwell acknowledges an IBM fellowship.
much less than we,; thus the phase modulation is broadband
in both the carrier and modulation frequencies. By eqn. 1,
spurious harmonics of to and w, are generated; second- and M. J. W. RODWELL 4th November 1986
third-order intercepts for the scale model are + 12 and D. M. BLOOM
+ 10dBm at I GHz and - I V bias. On the 20:1 scale model, B. A. AULD
carriers from 100MHz to 2-5GHz were phase-modulated at Edward L. Ginzton Laboratory
frequencies from 10 MHz to I GHz (Fig. 3); a monolithic non- Stanford University

"? linear line should provide broadband phase modulation from Stanford, CA 94305, USA
DC to -40GHz.
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much greater than the signal-ground spacing (a requirement met
Abstract by good high-frequency IC design) and the probe beam spot

diameter should be less than or equal to the conductor .,width.
We describe the electrooptic sampling system at Stanford with An additional requirement on the IC is that the backside of the
emphasis on the requirements for microwave measurements, wafer be sufficiently polished to allow for passage of the probe
Results presented include internal-node measurements of beam with negligible scattering.
20 GHz distributed amplifiers, propagation delays in GaAs
frequency dividers clocked to 18 GHz, and VSWR on IC
transmission lines to 40 GHz.

Introduction [1001 Probe Beam

Gallium Arsenide (GaAs) microwave integrated circuits (IC's)now operate at millimeter-wave frequencies, while GaAs digital Conductor
IC's operate with clock rates at microwave frequencies up to GaAs Substrate
18 GHz. Digital IC's are currently tested only by indirect tech- s100 lin thick
niques (multi-stage propagation delay or cycle times), while mi- I10 lmltic
crowave circuits are tested by external scattering parameters; if
the circuit does not perform correctly, the cause can only be in- Ground Plans
ferred from its external response. Electrooptic sampling was
initially developed to measure the response of photoconductors Fig. 1 Frontside probing for microstrip transmission lines.
and photodetectors faster than the time resolution of sampling Typical conductor widths are 40-70 g±ms.
oscilloscopes and used an external electrooptic modulator con-
nected to the device under test in a hybrid fashion [1,2]. The
system developed at Stanford uses the GaAs IC substrate as the
electrooptic material, permitting detailed internal-node circuit
evaluation with picosecond time resolution.

The Sampling System

GaAs is electrooptic; the electric fields associated with conduc- [100]
- tor voltages induce optical birefringence, causing a polarization

change to a probe beam passing through these fields. Figures I
and 2 show the cross-section of typical probing geometries. For Signal Grnd
standard [100] cut GaAs substrates the probe beam polarization
is affected only by the longitudinal field components. The beam
is focused through the IC substrate where its polarization is
modulated by the voltage across the substrate at the test point.
The reflected light is passed through a polarizer and its intensity
detected by a photodiode. The probe beam polarization is
adjusted to the linear region of the intensity transmission of the GaAs Substrate
polarizer, resulting in a change in intensity at the photodiode -400 g±m thick
proportional to the voltage across the substrate at the probe
point (3].

For frontside probing, suitable for microstrip transmission lines,
the fields extend from the conductor roughly the distance of the F
substrate thickness; the probe spot size is set to approximately Probe Beam
one-tenth of the substrate thickness to accurately measure the
conductor potential. For backside probing, suitable for planar
transmission lines and wire interconnects, the characteristic
extent of the fields into the substrate is the distance between the Fig. 2 Backside probing for planar transmission lines and wire
signal conductor and ground; the substrate thickness must be interconnects. Conductor widths may be as small as 2 tams.
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The sampling system is shown schematically in Fig. 3. A
commercially available, mode-locked Nd:YAG laser produces
1.06 =am, 90 ps pulses at an 82 MHz rate. The laser has free-
running pulse-to-pulse timing fluctuations of 4 ps rmis. reduced time for a 125 i.tm thick substrate is 3 ps, corresponding to a 3
to less than 300 fs rms by a phase-lock-loop feedback sys- dB response ro~loff of >100 GHz.
tem [4]. A fiber-grating pulse compressor shortens the pulses
to 1.5 ps FWHM (full width at half maximum) [5,6]. The beam The compressed pulsewidth, 1.5 ps FWHM, is measured with
passes through a polarizing bearmsplitter and two waveplates to an optical autocorrelator and calculated assuming a gaussian p
adjust its polarization, then is focused through the IC substrate pulseshape. However, a more quantitative estimate of the spec-
with a microscope objective to a 3 IJm spot on the probed con- tral content of the pulse is determined by numerically Fourier
ductor (backside probing) or a 10 gim spot on the ground plane transforming the autocorrelation. This calculation gives the
adjacent to the probed conductor (frontside probing). The re- power spectral density of the pulse with no assumption about the
flected light is analyzed by the polarizing beamsplitter; the pulseshape.
change in intensity, proportional to the voltage across the GaAs
substrate, is detected by a photodiode connected to a vector re- Timing jitter influences both bandwidth and sensitivity: the in-
ceiver. pulse response of the sampling system is the convolution of the

optical pulse with the probability distribution of its arnval time
To drive the IC a microwave synthesizer generates either sinu- (neglecting optical transit time), while those Fourier components .
soidal excitation for microwave circuits or the clock or data sig- of the jitter lying within the detection bandwidth of the receiver
nals for digital circuits. For wafer-level testing of IC's a mi- introduce noise proportional to the time derivative of the mea-
crowave probe station (Cascade Microtech Model 42) was sured waveform [4]. Stabilization of the laser timing is thus %
modified to allow for backside electrooptic probing. The imperative for low-noise measurements of microwave or pi- V
transmission line probes used with this test station allow for cosecond signals. To address this issue a timing stabilization
launching a signal on the IC with repeatable, low reflection feedback system was implemented to reduce the jitter to a level P
connections in a 50 fl environment to 26 GHz. The synthesizer less than the optical pulsewidth. Figure 4 shows the measured ,
is set to an exact multiple of the laser repetition rate (82 MHz), phase noise of one harmonic of the laser with an HP 8662 low-
plus a small frequency offset Af (1-100 Hz); the resulting phase noise synthesizer as the reference for the feedback system.
irtensity modulation at the photodiode receiver varies at this Integrating the phase noise allows calculation of the jitter in time,
slow offset rate Af. To enhance the system sensitivity, the syn- less than 300 fs rms.
thesizer is also modulated at 10 MHz to allow synchronous de-
tection in a spectral region where laser amplitude noise Measurement sensitivity
approaches the shot noise limiL

To achieve accuracy, repeatability, and fast acquisition of circuit
Measurement bandwidth/time resolution measurements requires shot-noise-limited sensitivity in the ,'o

detection system [21. Low-frequency noise on the laser con-
The system's bandwidth is determined by the optical transit time tributes excess amplitude noise above the shot noise limit to a
of the pulse through the GaAs substrate where fields are present, frequencies of several hundred kilohertz. To translate the signal
the optical pulsewidth, and pulse-to-pulse timing jitter of the detection to a frequency where this 1/f laser noise is below the
laser with respect to the microwave synthesizer driving the cir- shot noise limit, the microwave signal to the IC is modulated at
cuit. In general the optical transit time of the pulse in the GaAs 10 MHz. With a narrowband 10 MHz vector receiver, the re-
substrate can be neglected for microwave IC's. Because the suiting shot-noise-limited sensitivity is sufficient to acquire
optical and microwave dielectric constant in GaAs are nearly measurements at scan rate of 10-100 Hz with a typical voltage
equal, microwave transmission lines have a cutoff frequency for sensitivity of 100-300 , V-4Hz. For microwave circuits or
higher-order modes roughly equal the inverse of the optical simple digital circuits, the input signal is pulse modulated at 10
transit time. Well-designed microwave circuits operate at fre- MHz. For sequential digital circuits which do not operate
quencies well below the multimode cutoff frequency. Only correctly with chopped excitation, a small-deviation 10 MHz
when measuring interconnects near or above the cutoff frequen- phase modulation is used. In this case the received signal. pro-
cy (where dispersive characteristics are of interest) must the op- portional to the derivative of the sampled waveform, is integrat-
tical transit time be considered. For example, the optical transit ed in software [7].
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Fig..4 Laser intensity phase noise at the 20Lh harmonic of the Fig. 5 Frequency response of internal gate nodes and
pulse repetition rate, measured with a photodiode and RF termination in a 5-stage distributed amplifier. The ripple is due

spectrum analyzer. The noise floor of this measurement is to standing waves on the conductor, the rolloff at 18 GHz is due
insmmentation limited, giving an upper limit for the timing jitter to the cutoff of the periodically loaded gate line, and the droop in

of 300 fs rms. the magnitude is loss due to FET input conductance.

The pulse compressor is also a source of several types of excess Conclusion
amplitude noise, due to stimulated Raman scattering (SRS) and Cnlso -

temperature-induced polarization drift in the non-polarization- With a pulsewidth of 1.5 ps FWHM and a timing jitter <300 fs,
preserving fiber [8]. These noise sources are avoided by the electrooptic sampler has a measurement bandwidth exceeding
keeping the optical power in the fiber well below the Raman 100 GHz. A microwave probe station, modified to allow for
threshold and by temperature stabilizing the fiber to suppress electrooptic probing of GaAs IC's at the wafer level, has been
polarization drift. used to characterization ultrafast digital GaAs IC's clocked at

microwave frequencies and microwave IC's such as distributed

Circuit Measurements amplifiers. Directivity for network analyzer type measurements
is obtained by scanning the probe along transmission line

Configured as a vector voltmeter, the sampler can measure volt- conductors to calculate the forward and reverse traveling wave
age transfer functions of microwave structures and circuits, in- coefficients from the voltage standing wave. We have
cluding measurements of standing wave ratio, phase velocity, experimentally verified this technique for a one port, terminated
and lateral voltage distribution of microstrip [9] and coplanar transmission line to millimeter-wave frequencies. Extension of
waveguide transmission (CPW) lines. On GaAs microwave this technique to two-port measurements of devices and circuits
amplifiers, propagation of microwave signals internal to will allow for full S-parameter measurements with the reference
microstrip and coplanar-waveguide MESFET dismbuted ampli- plane on the IC, avoiding complex de-embedding of IC test
fiers (Fig. 5)[ 10,111 have been measured. fixtures.

The sampler measures the standing-wave voltage on a conductor Acknowledgments
due to the sum of the forward and reverse traveling waves

We acknowledge the generous equipment donations of Cascade
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numerically fit the data to obtain a minimum mean-square-error
estimate of the traveling wave coefficients (Figs. 6 & 7.)

The sampler can also be used as a time-domain instrument to
measure internal-node waveforms in the IC. We have measured
propagation delays on on digital circuits clocked at microwave
frequencies such as an 18 GHz static frequency divider (from
Hughes Research Labs[ 12],[13)], gain saturation of distributed
amplifiers (from Varian Research[ 11]), and frequencies to 40
GHz on transmission lines (Fig. 8). This type of time-domain
information can be obtained with neither a sampling oscilloscope
(due to limited bandwidth) nor a network analyzer (small-signal 0
response only.) - ']
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Optical Detection of Charge Modulation in Silicon
Integrated Circuits Using a Multimode

Laser-Diode Probe
B. R. HEMENWAY. H. K. HEINRICH, J. H. GOLL. Z. XU. AND DAVID M. BLOOM, FELLOW. IEEE
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Abstract-This paper reports on the detection of sheet charge densities FARADAY ISOLATOR FOCUSING - SILICON

in silicon devices using an improved noninvasive optical probe based on LENS P WOLLASTON LENS INTEGRATED
PBS YIG PBS PRISM CIRCIT

the detection of free-carrier optical dispersion using a multilongitudinal.
mode 1.3-Mm semiconductor laser. The improved system incorporates a W Z.'

differential detection technique and a Wollaston prism that allows the use 7of the multimode laser. These changes increase stability, sensitivity, and ML PHOTOIODES

bandwidth, allow near shot-noise limited operation, reduce required DIODE CTIVE
optical power, and simplify the apparatus. The technique can be applied Pr PROBE DEV

t
CE

to probe electronic signals or, conversely, to modulate light using 4 BEAM
controlled electronic signals. Simple demonstrations of each application DIFFERENTIAL

are presented. AMPLIFIER REFERENCE

OUPTBEAM '---- INACTIVE

SURFACE

Fig. . Schematic diagram of improved charge-sensing optical system with
"'1 HILE the operation of standard semiconductor devices multimode laser, Wollaston pnsm. and differential detection.
W is well understood on the basis of highly developed

models, corroborative experimental techniques that directly
access the internal parts of the devices have not been available, of the polarized optical beams. The Wollaston prism separates
Such techniques are especially appealing in the development of the incoming beam into two orthogonally polarized beams,
complex high-performance devices such as resonant tunneling with a divergence angle of 3.8 mrad. The relative phase shift
diodes and quantum-well devices, where our understanding of between the two beams is adjusted by translation of the prism
the device physics is less mature. Also, noninvasive access to to a point of maximum sensitivity. Optimum sensitivity is
internal nodes within integrated circuits can help determine achieved when, in the absence of a signal applied to the silicon
logic states, signal levels, and investigate latch-up, heating, device, the light returning to the Faraday isolater in Fig. I is
and other problems. Recently [11. [21, we reported an optical circularly polarized. For a given laser mode, this is achieved
probe which, working on the principle of free-carrier optical when the relative phase shift induced by a round trip through N?
dispersion in semiconductors, provides information not availa- the Wollaston prism and test wafer is an odd multiple of r/2.
ble at the device terminals and thus makes new kinds of tests With multimode lasers, it is not possible to meet this condition p
possible. This letter describes improvements made to the simultaneously tor all modes. However, when the relative
optical probe and demonstrates the detection of single-shot 25- phase shift for one mode is ir/2 or a small odd multiple of "/2
Mbit/s modulation of sheet charge densities in a bipolar the optimum bias condition can be met to good approximation 5'-

transistor. We now use a multimode 1.3-pum semiconductor for all modes. This can also be understood by noting that the
laser, and have increased sensitivity, stability, and noise path difference for the two beams should be short compared to
performance. A second application-using electronic signals the laser coherence length. p
applied to the silicon to modulate light-has been identified. The "probe" beam is focused to a 3-pm spot in a device
This is illustrated by an optical modulator based on a planar area where the time-varying charge density modulates the
silicon n-p-n transistor. We observed a peak-to-peak ampli- phase of the beam by free-carrier disperston. The "reference"
tude modulation tndex of 9.8 percent at 25 Mbit/s with signal- beam is focused 30 pm away, onto an inactive area where
to-notse ratio exceeding 6: 1. there is no modulation of the beam. Both beams reflect from

The improved optical probe is depicted in Fig. 1. New the front surface and return through the substrate. The
elements include a multilongitudinal-mode 1.3-pAm InGaAsP reflective surface of the wafer need not be metalized. but the
laser, a quartz Wollaston prism, coated high numerical back surface must be polished. The beams are recombined in
aperture lenses, and two photodiodes for differential detection the Wollaston prism. The relative phase shift induced by the

charge in the silicon device results in elliptical polarization in

Manuscript received March 24. 1987. revised May 21. 1987 This work the recombined beams. (That is. there is a deviation trom the
was supported by the Joint Services Electronics Program under Contract circular polarization with no signal on the silicon device ) This p
N00014-84-k4)327 polarization modulation is converted to amplitude modulation

The authors are with the Ginnton Laboratory. Stanford University. by the polarizing beam splitters in the Faraday isolator. The
Stantord. CA 94305

iEEE Log Number 8715905 detected signals at the two photodiodes are 180" out of phase P,

0741-3106/87/0800-0344$0 1.00 1987 IEEE
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The net relative phase shift of the two beams is found by ... j..*

integrating the local refractive index along their paths. The ouT 200mv

change in refractive index due to free-carrier disperion is
given by

nq N, NV5_An = [m* i7---IN 2v

where q is the electronic charge. X0 is the vacuum wavelength.9 ~Fig 2 Lover trace Real-time voltage signal input to base of transi''r
n, is the refractive index. e, is the material permittivity. Ne and Upper trace Response of vstem at output of diterential inmphier

V, are the local time-dependent free electron and hole Horizontal scale is 50 ns div

concentrations, and m* and m* are the carrier effective
masses. The change ,An causes a modulation of the nominally
circular polarization in the return beam and generates in the Our __-_'

photodetectors two signals that are 180" out of phase. The
signals pass through separate 46-dB gain 1-200-MHz low-
noise amplifiers and are combined in a differential amplifier
with I-dB gain. Common-mode noise is virtually eliminated IN 2v
by this differential detection scheme. -'_----

Improvements in the probe performance are substantial.
The Wollaston prism allows the use of a multimode laser Fig 3 Lower trace Eye diagram of pseudorandom Manchester-coed bit

,(ream input to base of transistor Upper trace Eve diagram it received
diode. With a single wedge [2]. static birefringence leads to a optlcal signal Horizontal scale is 20 ns di,
differential path delay between the two beams and mode
partition noise from the laser renders the system useless. The closer together, placing them in approximately the same
Wollaston prism equalizes the path lengths and allows the use thermal environment. A computer model of the effect ,hovxo
of a multimode laser. (The previous system used a Nd:YAG or that. for our configuration. the thermal contribution to the
a single-longitudinal-mode semiconductor laser.) The new observed signal is large at dc but has a corner frequenc. at
system is much less sensitive to mode fluctuations giving a approximately I MHz and then rolls off at 30 dB decade. The
received signal that is more stable and depends to first order thermal effect is therefore expected to be negligible at higher
only on laser intensity. Differential detection has virtually frequencies. This behavior is verified by experiment. Hosk-
doubled the signal voltage with only a 1.3-dB increase in the ever, in a different context, one may wish to use this dc
noise. Sensitivity to intensity noise in the laser is also greatly sensitivity to examine remotely the temperature profile in an
reduced. Finally. the coated lenses increase optical efficiency, active integrated circuit.
The system noise floor can now be adjusted to within 2 dB of Despite the thermal effect, one can use silicon as an efficient
the Johnson noise limit, which in our system is about 7 dB broad-band optoelectronic modulator by appropriatel% coding
above the shot-noise limit. The system exhibits some addi- the input data stream. Manchester coding at clock rates above L
tional laser-induced noise caused by variations in temperature 5 MHz effectively eliminates the thermal effect because of the
and optical feedback. A better isolator and temperature control negligible spectral content of the data stream at frequencies
should minimize this problem. where heating is important. The penalty is a maximum data

Modulation efficiency in this system is high enough to rate reduced by half. Fig. 3 is the eye diagram of a
suggest that data communication could be accomplished using pseudorandom optical Manchester-encoded bit stream injected
an on-chip silicon modulator. This was demonstrated using a into the base at 25 Mbit/s using the same configuration as for
planar silicon n-p-n transistor. We injected a 25-Mbit/s digital Fig. 2. The lower trace is the input eye diagram, and the upper
RZ data stream into the base of a common-emitter transistor trace is the received eve diagram. The received eye is open.
circuit. The emitter area was II x 11 Am- and peak current with a signal-to-noise ratio of greater than b: 1. indicating an
was 130 mA. The applied base voltage is the lower trace in expected bit error rate of less than 10-. The associated
Fig. 2. The upper trace is the received optical signal after modulation index in this planar structure is 9.8 percent.
amplification without equalization when the probe beam was (Modulation depth for 0.8-V ECL signals in the base is
positioned in the base. The modulation index is 9.8 percent typically 3-4 percent.)
peak to peak relative to the static light level with a signal-to- This experiment suggests that optical data communication
noise ratio exceeding 6:1. could be implemented using on-chip modulators based on the

The baseline wander seen in Fig. 2 could cause timing or plasma optical effect. Practical systems would likelK require
data errors in the receiver. This is caused by the I-MHz low- higher data rates and monolithic optical implementation. We
end cutoff in the amplifier and also by heating; modulation of are currently developing new monolithic device structures that
current changes the temperature profile near the beams and do not require external optics to achieve intensity modulation
therefore the index of refraction. The dynamic response of this and that can operate at higher data rates. In addition. ll 
thermal modulation causes a frequency-dependent difference semiconductors exhibit free-carrier optical dispersion to somc
in the phase of the two beams. This appears in the receoed degree. For example. in GaAs the small values of the etfectisi
signal. The effect can be minimized by bringing the beam, masses and relatively large bandgap suggest that the etfect 1!
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Abstract

Picosecond electrical transients were generated by shock-wave formation on a GaAs

monolithic nonlinear transmission line. An output falltime of 7.8 ps was generated by a

single line driven at 15 GItz (20 ps input falltime), while 3.7:1 compression to 10.1 ps was

attained for two cascaded lines.
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Picosecond pulse generators are central components for wide-bandwidth time-domain

electronic measurements, including waveform sampling and picosecond metrology, and in

high-speed analogue applications. Step-recovery diodes, generating -- IOV transitions of

35 ps risetime, are used for gating diode sampling bridges while tunnel diodes, with - 0.2V

transitions of 25 ps risetime, frequently generate the test pulse in time-domain reflectome-

ters. Fast electrical transients can also be generated by nonlinear wave propagation [1-3].

Previously, we had proposed a GaAs monolithic nonlinear transmission line for compres-

sion of a 25 ps input to 4 ps output falltime, and had demonstrated compression from 500

ps to 100 ps on a 20:1 scale model [4]. We now report generation of electrical waveforms

with 7.8 ps falltime on a monolithic structure.

The circuit diagram is shown in figure la. A transmission line with characteristic

impedance ZI > 500 is periodically loaded, at electrical spacings of r (in units of time), %

by Schottky varactor diodes, producing a synthetic transmission line whose characteristic

impedance Zo(v) = //CT() and group delay T(v) = n T) are voltage-dependent.

L = Z 1 r and CI = r/Z1 are the transmission-line inductance and capacitance per section

of line, and n is the number of diodes in the line. The total capacitance per section

CT(v) = (Cj (v)+Ci) where the capacitance of a step-junction diode with junction potential

SisCj(v) = C0/ V/1 - vl.

The voltage-dependence of the group velocity results in compression of the falltime

of electical wavefronts as they propagate on the line. For an input waveform having a

negative-going transition with initial voltage Vh, final voltage vI, and falltime Tf ,, the

falltime at the output of the line will be [4]

T, max i- (T(vi) - T(Vh))TI~ot -maxTf,mnin

The minimum compressed falitime Tmin - max(1/wp,,., 1/wr) is set predominantly

by the periodic-line cutoff frequency wper 5 2/V'=T = 2/ZOCT and the varactor rc cutoff

frequency W., a5 1/r,Cj(v), where r, is the varactor series resistance. With monolithic

fabrication on GaAs, wre and wper on the order of 0.1-1 THz are feasible [5], permitting

compressed falltimes on the order of 1-10 ps.

The monolithic device (figure lb) incorporates 42 diodes with 0 a 0.8V and C 0 = 50

2
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fF at 160 pm spacings (r = 1.4ps) along a 90l coplanar waveguide transmission line,

resulting in a 140 GHz periodic-line cutoff frequency. By calculation, the characteristic

impedance Zo(v) varies from 44 to 5502 and the group delay T(v) changes 25 ps as the

line voltage varies from 0 to -2 volts. Circuit simulations using SPICE indicate that, given

negligible diode series resistance, a 2 V step-function input with 20 ps falltime will produce

an output falltime of 4 ps.

A cross-section through a diode is shown in figure id. Schottky diodes are formed on

MBE material with a 0.6pm N- active layer (3 x 10'6 /cm 3 doping). A buried 0.8 Pm N+

layer (3 x 1018 /cm 3 doping) provides both the diode cathode connection and a resistive

connection between the two coplanar waveguide ground planes, suppressing the slotline

mode. Fabrication requires three mask levels with 10pm design rules. Ohmic contacts

having 0.03(0-mm resistivity are formed by a 0.75pm recess etch, a self-aligned (88% Au-

12% Ge)/Ni/Au liftoff, and a 450'C alloy. Proton implantation [6] using both 190 keV,

6 x 101 /cm' and 160 keV, 1.5 x 1014 /cm 2 , provides > 40MQ per square isolation. During

implantation, a 1.6pm Au/ 1.4pm polyimide mask [6] protects the ohmic contacts and the

diode active region. The interconnections are formed with a 0.lpm Ti/ 0.1pm Pt/ 1.4pm

Au liftoff. Schottky diodes are formed in 10pm x 10pm regions where the interconnect

metal overlaps unimplanted N- material (figure Ic).

Circuit element values for the completed devices were established through I-V, C-V,

and small-signal scattering parameter measurements. The diode series resistance, r,, is

100 while C-V characteristics conform to those of a C,0 = 50fF, 0 = 0.8 V step-junction

diode shunted by a 14 fF layout capacitance. In addition, Z , = 80Q and r = 1.5 ps. Series

resistance of the 6.7mm x 10 pm transmission-line center conductor is 120. Due to these

parameter variations, Zo(v) varies from 40 to 4911 and the group delay T(v) changes 23 ps

as the line voltage varies from 0 to -3 volts. The large r, results in significant attenuation

(5 dB at 15 GHz) for these prototype devices.

Because a 35 ps step-recovery diode was not available, the lines were tested with

sinusiodal excitation applied through microwave wafer probes, providing a continuously

adjustable input 10%-90% falltime of 0.3 cycles. The formation of shock-waves is similar

to that occuring with step-function excitation. Voltage waveforms at points internal to the

3

e&-ft * * % . . * * t . .°t



J

structure were observed by direct electrooptic sampling [7], a noninvasive optical technique

with 2 ps time resolution. A single 42- diode line reshaped a 7.5 Vp-p, 15 GHz input (20 ps

input falltime) to a sawtooth waveform with a compressed output falltime of 7.8 ps (figure

2). With a 8.5 V-p, 8 GHz input (37.5 ps input falltime), two cascaded lines produced

3.7:1 compression to 10.1 ps output falltime (figure 3). In these measurements the line DC

bias was set so that the diodes were on the threshold of forward conduction at the peak

positive excursion of the input waveform. The 7.8 ps minimum compressed falltime is due

to the 102 diode series resistance resulting from the 0pm spacing between ohmic and

Schottky contacts. In SPICE simulations using the measured circuit parameters, a 7.6 ps

falltime is predicted for r, = 100 , 6.0 ps for 50, and 4.3 ps for 0Qf. With layout redesign,

we expect to reduce r, and to increase wper, attaining compressed falltimes approaching 1

pS.

The bandwidth of diode sampling bridges is primarily limited by the risetime of the

gating pulse; with integration of a Schottky diode sampling bridge gated by a nonlinear

transmission line, the bandwidth of sampling gates used in sampling oscilloscopes, network

* analysers, and frequency counters could be extended to 100 GHz.
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Figure Captions:

Figure 1: Nonlinear transmission line circuit diagram (a), layout (b), diode top view 
A'

I.(c), and diode cross-section (d).

Figure 2: Compression of 15 Gliz input to 7.8 ps output failtime.

Figure 3: Compression of 8 GI{z input to 10.1 ps output failtime with 2 cascaded 
-"I,

lines.
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1. Introduction

The development of advanced GaAs devices and integrated circuits has been spurred by a number of applications,

including microwave and millimeter-wave radar and communication systems, fiber optic digital data transmission at

gigahertz rates, high-speed data acquisition, and the constant push for faster digital logic in high-speed computers and

signal processors; the IC's developed for these applications are creating new demands upon high-speed electronic in-

strumentation.

One demand is for increased instrument bandwidth. GaAs MESFErs have demonstrated a maximum frequency of os-

cillation, fmax, in excess of 110 GHz [1], while pseudomorphic InGaAs/AIGaAs modulation-doped field-effect transis-

tors [2] have shown power-gain bandwidth products which extrapolate to give fmax - 200 GHz, resonant tunnelling

diodes have oscillated at 56 GHz [3), and heterojunction bipolar transistors and permeable base transistors currently

under development should show similar performance. Because the maximum frequency of oscillation of these devices
is often greater than the 100 GHz bandwidth of commercial millimeter-wave network analyzers, fmax is estimated by

extrapolation from measurements at lower frequencies. Used as switching elements, propagation delays and transition

times of 1-10 ps should be expected for these devices, well below the resolution of commercial sampling oscil-
loscopes. In either case the device bandwidth exceeds that of the measurement instrumenL

A second demand is for noninvasive access to the internal signals within high-speed integrated circuits. GaAs digital

integrated circuits of MSI (medium-scale integration) complexity and 1-5 GHz clock rates are now available commer-

cially, as are GaAs monolithic microwave integrated circuits (MMIC's) of SSI (small-scale integration) complexity and

1-26 GHz bandwidths. More complex LSI (large-scale integration) digital circuits are under development, and experi-

mental SSI digital circuits operating with 18 GHz clock rates [4] have been demonstrated. In contrast to silicon LSI

integrated circuits operating at clock rates in the tens and hundreds of megahertz, the development of GaAs high-speed

circuits is hampered both by poorly refined device models and by layout-dependent circuit parasitics associated with the

high frequencies of operation. A test instrument providing noninvasive measurements within the integrated circuit

would permit full characterization of such complex high-speed IC's.

These issues have motivated a number of researchers to investigate alternative test techniques, both to increase

measurement bandwidth and to allow internal testing of IC's. This paper begins with a review of conventional test

methods and instruments, summarizes several new test techniques for IC's, and then describes in detail the priciples,

capabilities, and IC measurement results of direct electrooptic sampling, a measurement technique that allows for

internal-node voltage measurements in GaAs IC's with picosecond time resolution, corresponding to bandwidths in

excess of 100 GHz.

1.1. Electrical test methods

We begin by considering the limitations of conventional test instruments. Their capabilities and characteristics are de-

termined by two features - the IC probe that connects the test instrument to the circuit and the test instrument itself.

The IC probe has its own intrinsic bandwidth that may limit the test method. In addition, the probe also determines an

instrument's ability to probe internal to the IC due to its size (limiting its spatial resolution) and influence on circuit

performance (loading of the circuit from its characteristic and parasitic impedances.) The test instrument sets the avail-

able bandwidth given perfect IC probes or packaged circuits, and defines the type of electrical test, such as measurng

time or frequency response.
2



Connection of a test instrument to an IC begins with the external connectors, typically 50 0 coaxial cable with a mi-

crowave connector, such as SMA and APC-3.5, standard microwave connectors, or K-connector and APC-2.4, newer

connectors for 46 GHz (K) or 50 GHz (APC 2.4) operation. The IC probes are the transitions from the coaxial cable

to some type of contact point with a size comparable to an IC bond pad. Low-frequency signals are often connected ".%

with needle probes. At frequencies greater than several hundred megahertz these probes have serious parasitic ,

impedances, due to shunt capacitance from fringing fields and series inductance from the long, thin needle. The para-

sitic impedances and the relatively large probe size compared to IC interconnects limit their effective use to low-fre-

quency external input or output circuit responses at the bond pads. For signals greater than several hundred megahertz, '

the recently developed Cascade Microtech probe [5,6] has demonstrated IC connections to millimeter-wave frequencies

of 50 GHz. The probe consists of a coaxial connector with a transition to 50 f0 coplanar waveguide (CPW) transmis-

sion line that then tapers to bond pad size contacts. They offer good microwave performance, but their size limits test

points to IC bond pads and their 50 2 characteristic impedance limits their use to input or output sections of the IC.

Thus, electrical probes suffer from a measurement dilemma. Good high-frequency probes use transmission lines to P

control the line impedance from the coaxial transition to the IC bond pad and to reduce parasitic impedances. The low

characteristic impedance of such lines (typically 50 2) limits their use to input/output connections. High-impedance

probes suitable for probing intermediate circuit nodes have significant parasitic impedances at microwave frequencies,

severely perturbing the circuit operation and affecting the measurement accuracy. In both cases, the probe size is large

compared to IC interconnect size, limiting their use to est points the size of bond pads.

Conventional test instruments for measuring high-speed electrical signals consist of sampling oscilloscopes, spectrum

analyzers, and network analyzers. Sampling oscilloscopes measure the time response of repetitive signals with a reso-

lution as short as 25 ps or a bandwidth of 14 GHz. Combined with transmission line probes this instrument gives ei-

ther time domain reflectometry measurements or signal waveforms of an IC's external response, but has neither the ,

time resolution required for state-of-the-art GaAs IC's nor the ability to measure the internal node response of MSI or

LSI IC's. A promising note is the recent introduction of a new sampling oscilloscope based on Josephson Junction

superconducting technology [71 with a time resolution of about 8 ps. As with slower sampling oscilloscopes, how-

ever, the 50 Q connectors limit its use to external characterization of IC's.

Spectrum and network analyzers measure the response of circuits in the frequency domain, with a range of 26.5 GHz

typically and limited extension through the millimeter-wave frequencies to 300 GHz. A spectrum analyzer measures

the power spectrum of a signal, while network analyzers measure the vector transfer function of a network (magnitude

and phase) as a function of frequency. The small-signal, linear characteristics of microwave devices and circuits

measured with a network analyzer are usually expressed in terms of the scattering parameters. These provide a measure

(often extrapolated) of fmax, a device's maxir,:n frequency of oscillation, and fT, the unity current gain frequency.

figures of merit of a device's operation speed. The frequency range of these instruments can be extended to millimeter-

wave frequencies (300 GHz for the spectrum analyzer, 100 GHz for the network analyzer) using external source

multipliers, mixers and waveguide cornectors, but the frequency coverage is limited to 1.5:1 waveguide bandwidths and

the waveguide connectors require a hybrid mount of the IC in a waveguide package, preventing wafer testing of the IC.

Network analyzers can provide time-domain measurements of a network's small-signal step or impulse response by

Fourier transforming the small-signal frequency-domain two-port device parameters. For large-signal measurements.

where the network is no longer linear, the principle of superposition cannot be applied, preventing calculation of the

large-signal time-domain response from measurements of frequency-domain transfer functions. For example, the

network analyzer cannot measure the time waveform response of the IC's due to amplifier saturation. Although pe0-

3
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trum analyzers can measure the harmonic spectrum magnitude of saturated or large-signal circuit responses, the phases
of the harmonics are not measured, and the large-signal time waveforms again cannot be inferred. Both instruments
also rely on 50 Q connectors and IC probes, limiting their ability to probe an IC to its external response. For network Panalysis, a further issue is de-embedding the device parameters from the connector and circuit fixture response, a task %

which grows progressively more difficult at increasing frequencies, particularly for millimeter-wave testing.

1.2. Non-Electrical, Novel test techniques

With the objective of either increased bandwidth or internal IC testing with high spatial resolution (or both) a number
of new test techniques have been introduced and demonstrated. One method of measuring a voltage on IC conductors is "
to energy analyze secondary electron emission. To test logic level signals in VLSI silicon IC's researchers in the late
1960's developed the voltage contrast scanning electron microscope (SEM) or E-beam probing [8,9]. This technique
uses an electron beam from an SEM to stimulate secondary electron emission from surface metallization. For a metal
conductor at ground or negative potential, the electrons have sufficient energy to be collected by a detector shielded by
an energy analyzer grid. Metal lines at a positive potential retard the emitted electrons, lowering their energy and
reducing the number of electrons detected. The detected signal is small for IC voltage levels; to improve time res-
olution the signal is sampled with electron beam pulses and averaged to improve signal-to-noise ratio.

Commercial SEM's have sensitivities of 1-10 mV, bandwidths up to 2 GHz or time resolutions of -1 ns, and a spatial
resolution as small as 20 nm. Compared to typical operating speeds of commercial silicon VLSI (clock rates of 10 to
100 MHz) this technique has good time resolution, acceptable sensitivity, and excellent spatial resolution. The sys-
tem's time resolution is set by gating the E-beam from the thermionic cathodes of standard SEM's. For decreasing
electron beam duration required for increased time resolution, the average beam current decreases, degrading mea-
surement sensitivity and limiting practical systems to a time resolution of several hundred picoseconds. To overcome
this limitation, a technique which implements a photocathode triggered by an intense picosecond optical pulse to gen-
erate short, high-current electron pulses [10] has been demonstrated. This approach shows promise for achieving time
resolution approaching 10 ps with the SEM probe. The major drawbacks of SEM testing are its complexity and its
relatively high cosL

Photoemissive sampling, based on analyzing secondary electron emission from IC conductors similar to E-beam test-
ing, uses intense, energetic light from a pulsed laser focused on an IC conductor to generate photoelectrons. An ext-
raction/retarding grid combination placed in close proximity to the conductor energy analyzes the electrons, with a re-
sulting secondary electron emission varying with the conductor potential. The feasibility of this new approach is made
possible by picosecond pulsewidth, high peak power lasers, and offers a potential improvement in time resolution and
sensitivity over the SEM probe. The technique is not available commercially, but a number of researchers have
demonstrated systems with time resolution as short as 7 ps with good spatial resolution and millivolt sensitivity
[11,12,13]. With both electron-beam and photoemissive sampling, electron beams and electron extraction fields can
produce charge concentrations within the semiconductor substrate through charging of deep levels, or at its surface,
through field-induced surface inversion.

A technique which optically senses free-carrier charge density was recently developed for measurements within silicon
IC devices [14,15]. Because of its centrosymmetric crystal structure, silicon exhibits no bulk second-order optical
nonlinearities, such as the electrooptic effect, to use as a basis for an optical measurement system. Third-order effects.
such as voltage-dependent second-harmonic generation or the optical Kerr effect, are in general very weak and result in
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impractical systems in terms of measurement sensitivity and implementation. Most semiconductor devices function

by modulating charge density within a control region, which contributes to material index of refraction as described by

the plasma-optical relation

n=no I-' (1)

2 g12N g"P(2
Esm,* emrh*(2

where no is the bulk index of refraction, o is the optical probe frequency, o, is the plasma resonance frequency, N is

the electron concentration in the conduction band, P is the hole concentration in the valence band, e. is the

permittivity of the substrate material, and me* and mh* are the electron/hole conductivity effective masses. The

change in charge density is detected with a compact optical interferometer using a 1.3 pm wavelength (the absorption

minimum in silicon) semiconductor laser as the probe, shown schematically in Fig. 1. In contrast to electrooptic

techniques, where typical probe beam intensity modulation is on the order of 0.1%, for the charge density typical of

integrated silicon bipolar transistors the probe beam modulation in the charge-sensing system is on the order of 1%. "U

This sensitivity has allowed the demonstration of single-shot (i.e. no repetitive sampling) detection of a silicon bipolar

junction transistor's switching signal in a 200 MHz bandwidth (Fig. 2). Since the plasma-optical effect occurs in all

semiconductor materials, this technique is applicable to GaAs IC's and shows promise for studying device charac-

teristics and charge dynamics.

Another optical probe scheme is electrooptic sampling, which uses an electrooptic light modulator to intensity modu-

late a probe beam in proportion to a circuit voltage. The technique was initially developed to measure the response of

photoconductors and photodetectors faster than the time resolution of sampling oscilloscopes [16,17,18,19] and used an

external electrooptic modulator (typically lithium tantalate, LiTaO3) connected to the device under test. A polarized

optical probe beam passes through an electrooptic crystal, whose index of refraction changes due to the presence of an

electrical signal (Fig. 3.) The polarization of the light after passing through the electrooptic crystal depends on the

signal driving the modulator, and passing the probe beam through a polarizer results in a signal-dependent intensity

modulation. The approach exhibits excellent time resolution (<0.5 ps) due to the advanced level of ultrashort pulse

generation with the colliding-pulse mode-locked (CPM) laser and the very high intrinsic speed of the electrooptic effect.

Combined with a cryogenic system, optical measurements of electrical signals have been made at liquid helium

temperatures(201. However, the hybrid lithium tantalate electrooptic modulator requires connecting the test point on

the IC to the transmission line of the modulator, restricting its use to external test points. Unless carefully designed,

the system's time resolution is degraded by the hybrid connection between the modulator and the device under test, due

to the loading of the test point from the relatively low characteristic impedance of the transmission line, and due to the

parasitic impedances of bond wires.

Using an electrooptic needle probe (Figs. 4&5) [211, the technique has been extended to internal node probing of IC's.

The needle, a fused silica rod with a 40 x 40 micron tip of LiTaO3 coated for high reflection of the probe beam, is

brought close to a conductor, introducing fields within the probe tip. As with the hybrid electrooptic scheme, the

electric fields change the polarization of the probing beam, and the reflected beam is analyzed by a polarizer. The

LiTaO3 electrooptic material, transparent to visible wavelength light, allows the use of ultrashort sampling pulses

5
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from a CPM laser; a step response risetime of less than 300 fs has been demonstrated[22,23]. Because the probe relies r.

on no optical or electrical properties of the circuit under test, circuits of any substrate material can be tested without
sample preparation. The probe exhibits some small circuit invasiveness through capacitive loading on the order of 10
femtofarads due to the proximity of the LiTaO3 probe tip of dielectric constant er = 40. The polarization shift in lithi-
urn tantalate, proportional to the lateral electric field, may make the probe sensitive to signals from nearby conductors
in addition to the potential of the probed conductor.

The external electrooptic sampling techniques described above can provide signal measurements with subpicosecond
time resolution (equivalent to bandwidths of approaching I THz.) Direct electrooptic sampling, a related technique
where the substrate of the GaAs circuit under test serves as the electrooptic modulator, eliminates the electrical para-
sitics associated with external electrooptic elements and provides voltage measurements of points internal to the IC

with picosecond time resolution and micron spatial resolution. This method's principles, capabilities, and circuit
measurement results are described in the following sections.

2. Principles of Direct Electrooptic Sampling in GaAs IC's

The electrooptic effect, an anisotropic variation in a material's dielectric constant due to an applied electric field, is pre-
sent in a variety of non-centrosymmetric crystals. Among these are GaAs, InP and AlAs, used for high-speed
semiconductor devices, and lithium niobate (LiNbO3), lithium tantalate (LiTaO3) and potassium dihydrogen phosphate .
(KH2PO4), used for nonlinear optical devices. Centrosymmetric crystals do not exhibit the electrooptic effect; notable
among these materials are silicon and germanium. The change in refractive index of electrooptic materials with electric -
field can be used for optical phase-modulation, and, from this, polarization-modulation or intensity-modulation [24,25].
Direct electrooptic sampling uses the electrooptic effect in GaAs to obtain voltage-dependent intensity modulation of a
probe beam [26,27]. As with other experimental probing methods, a pulsed optical probe beam permits a time
resolution on the order of one picosecond or instrument bandwidths greater than 100 GHz.

Without external electrooptic elements, the invasive properties of those elements are eliminated, permitting probing
with no electrical contact, no loading of the test point with low-impedance transmission lines, and no parasitic probe
impedance. Because the probing beam can be focused to a spot of diameter of several microns, the probe's spatial '

resolution allows access to finely-spaced conductors in LSI GaAs circuits. Direct electrooptic sampling thus provides
the bandwidth, the spatial resolution, and the internal-node access necessary for characterization of high-speed GaAs
integrated circuits.

2.1. Electrooptic Voltage Probing in a GaAs Crystal

GaAs is one of simplest electrooptic crystals, a zincblende with crystal symmetry 43m. Its cubic structure results in

no natural (field-free) birefringence and a symmetric electrooptic tensor with equal-valued elements. The electrooptic

tensor in GaAs is [281

6
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0 0 0

0 0 0

rjk r410 (3)

0 141 0

0 0 41

An applied electric field induces a birefringence described by the index ellipsoid

2 2 2x y z

Z + -2 + -2 + 2r41yzE. + 2r4lxzEy + 2r41xyEz = 1 (4)
no no no

where no is the zero-field refractive index, r41 is the electro-optic coefficient for GaAs, and E is the applied electric field

in the direction indicated by its subscript. The intersection of the index ellipsoid and a plane normal to the optical
propagation direction defines an ellipse whose major and minor axes give the allowed (eigenvecor) polarization direc-

tions and their refractive indices.

To relate this to an IC substrate, Fig. 6 shows the principal crystal axes of a GaAs IC fabricated on standard (100)-cut
material. The X, Y, and Z axes are aligned with the < 100> directions of the GaAs cubic Bravais lattice, while the Y'

and Z' axes are aligned with the [011] and (011] directions parallel to the cleave planes of the a GaAs wafer (along

which individual IC's are scribed) and 450 to the [010] and [0011 directions. For an optical plane wave traveling in the
A X direction, the intersection of the index ellipsoid and the x=O plane normal to its direction of propagation defines an

ellipse in the (Y', Z') plane

d',2 -2 + r4lEx + z 2 ( + r4lEx)= 1 (5)
ino no

The Y' and Z' axes are the eigenvectors of the electrooptic effect and form the natural coordinate system for describing
electrooptic sampling in GaAs IC's. The refractive indices ny, and nz' in the Y' and Z' directions are

3
'no. n Ex

nynOo (6a)
2

3
n0 r41 Ex

nz- no + 2 (6b)
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and these field-dependent refractive indices result in differential phase shift for beam polarizations in the Y and Z'

directions.

Consider the transmission electrooptic amplitude modulator shown in Fig. 7. A circularly-polarized plane wave-"

propagating through the substrate receives a change in phase between the Y' and Z' polarizations due to the electroop-
tic effect in proportion to the electric field given by

2tn no r41 27c no i-41 "
*4.4

EXW= V (7)

such that the beam emerging from the substrate has changed from circular to slightly elliptical polarization. Note that
the product ExW of the substrate thickness and the x-component of the electric field is the potential difference V be-
tween the front and back surfaces of the GaAs wafer where the probing beam traverses the wafer. This result holds for
a general field distribution; a plane-wave optical beam propagating along a <100> direction experiences a change in 4..

phase shift proportional to product of the longitudinal electric field and the substrate thickness, i.e. it is only affected 1"

by the potential difference V across the wafer at the probe point.

To measure this voltage-induced polarization change, the beam emerging from the GaAs is passed through a polarizer
oriented at 450 to the Y' and Z' axes. The intensity of the output beam is then ,

3p
POUt(V)=P{I + sin ( ntrl )Xo no r4 1 V -.

POI+ sin((8)

where Po is the output intensity with zero field in the substrate. Vx , called the half-wave-voltage, and given by

3 (9)
2 no r41

is the voltage required for 1800 phase shift between the Y' and Z' polarizations. For GaAs, Vt 10 kV at a wave-
length of 1.064 pm for no = 3.6, and r41 = 1.4 * 10-12 [29]; the argument of the sine expression is thus small for P
typical voltages V on integrated circuits, and Eqn. 8 can be approximated by

Pour=Po I + C (10)

Thus for substrate voltages to several hundred volts, the output beam intensity is nearly linear and in direct proportion
to the voltage across the subsate. The intensity of the output beam, detected by a photodiode, is thus a measure of
the voltage across the substrate of the IC.

8,



2.2. Probing geometries in GaAs IC's

The transmission modulator of Fig. 7 requires separate lenses for focusing and collecting the probe beam, precisely

aligned on opposite sides of the wafer for IC measurements. Also, high-density interconnections on the circuit side of
digital IC's and backside metallization on many microwave IC's would obstruct the beam passage through the wafer.

Reflection-type probing geometries as shown in Fig. 8 provide better access to IC's, using a single lens for focusing

and using the IC metallization for reflection. The frontside geometry is suitable for probing microstrip transmission

lines of MMIC's. The backside geometry permits very tight focusing of the probing beam to a diameter limited by the
numerical aperture of the focusing lens, and provides a probe beam modulation sensitive to the probed conductor's

voltage but independent of nearby signal conductors [30], a necessity for testing high-density IC's.

For microstrip transmission lines typically used in MMIC's, the fields extend laterally from the conductor roughly a

distance equal the substrate thickness; the probe beam is focused from the top of the substrate through the fringing

fields of thz conductor to a beam spot size diameter approximately one-tenth of the substrate thickness so that it

overlaps well with the fringing fields. Other NMC's use planar transmission lines such as coplanar waveguide
(CPW) for microwave interconnects. MSI/LSI circuits typically use thin metal lines (3 to 10 lim); the electric field

distribution around the conductors is a strong function of their layout. For these types of interconnects and for planar
transmission lines, the extent of the fields into the substrate is on the order of the distance between signal conductors

and grounds. Typical IC substrate thickness (400 to 500 pi) is much greater than conductor spacings; the electric

fields lie near the substrate surface, and the back of the substrate is nearly at an equipotential with respect to individual

conductors on the IC surface. The optical probe, focused through the back of the substrate to a spot diameter less than

or equal to the conductor width, is modulated by the voltage on the conductor nearly independent of signals from nearby
conductors.

In both cases the optical probe is reflected from metallization on the IC. The signal is proportional to the amount of

light reflected, and if the reflectivity of the metallization varies, the signal strength also varies. The signal can be
normalized to the amount of reflected light, but metallization such as ohmic contacts, which may be very rough, will

cause poor signal sensitivity if a large fraction of the probe beam is scattered. Because integrated circuits are patterned

by optical lithography, the wafer top surface has good optical quality. For backside probing the back of the wafer must

be polished to allow passage of the probe beam with negligible scattering. For frontside probing the ground plane

should be sufficiently reflective to provide a good return beam - most MMIC's we have encountered have shown

adequate ground-plane reflectivity.

In reflection-mode probing, the incident and reflected beams, centered on the microscope lens for optimum focusing,

can be seperated by manipulation of their polarizations (Fig. 9.) The advantages of this arrangement for IC probing are

ease-of-alignment, on-axis focusing for diffraction-limited spot size, and efficient use of the optical signal (in contrast

to using a beamsplitter to separate the incident and return beams, which attenuates half the optical power on each pass.)

The polarization states of this arrangement may be analyzed by Jones calculus, and are qualitatively described as
follows. A linearly polarized probe beam from the polarizing beamsplitter passes through a quarter-waveplate, oriented

at 22.50 to the axis of the beamsplitter, producing an elliptical polarization. A half-waveplate oriented at 33.75' then

rotates the elliptical polarization an additional 22.5' to align its major axis at 45* to the [011] direction of the GaAs

substrate (i.e. oriented at 45* to the substrate cleave planes.) The on-axis probe beam is focused by a microscope ob-

jective next to a conductor (frontside probing) or on the conductor (backside probing.) The reflected beam passes back

through the lens and the waveplates, producing a linear polarization at 450 to the axes of the polarizing beamsplitter.

4 and the polarization component at 900 orientation is directed by the beamsplitter onto a photodiode. The probed
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conductor voltage changes the polarization of the return beam through the electrooptic effect by changing the angle of
the linearly polarized light prior to the polarizer, and thus the intensity incident upon the photodiode. The resulting
intensity varies as in Eqn. 10 where VR is now

xo '
Vn 5 kV (11)

4n0r4 1

giving twice the sensitivity for the reflection-mode cases. The on-axis return beam may be separated from the incident
beam with a Faraday isolator. The signal from this beam is out-of-phase with the first beam allowing for differential
detection to further improve signal sensitivity.

2.3. Electrooptic Sampling

The longitudinal reflection-mode geometries provide intensity modulation proportional to voltage for IC probing.
With a continuous optical probe beam, the output intensity incident upon the photodiode will be a large steady-state
intensity P0 plus a small intensity change following the voltage of the probed conductor, microwave-frequency or pi-

cosecond-risetime signals on the probed conductor will result in microwave-frequency or picosecond-risetime modula-
tion of the probe beam. Detection of this modulation would require a photodiode/receiver system with bandwidth
comparable to that of the detected signal. With commercial sampling oscilloscopes limited to -14 GHz and infrared
photodiodes limited to -20 GHz, the probing system's bandwidth would be insufficient for many high-speed and mi-
crowave GaAs circuits. In addition, the small modulation provided by the electrooptic effect would result in extremely
poor signal-to-noise ratio using direct detection at microwave bandwidths, and thus very poor instument sensitivity.

Mode-locked laser systems in conjunction with optical pulse compressors can generate extremely short optical pulses.
At visible wavelengths, pulses as short as 6 fs [31,32] have been generated, while at the infrared wavelengths where
GaAs is transparent, pulses as short as 33 fs have been generated [33,34]. Sampling techniques using a pulsed optical
probe can achieve a time resolution set by the optical pulse duration and the circuit-probe interaction time, permitting L
instrument bandwidths exceeding 100 GHz. We describe repetitive sampling in the time domain as synchronous sam-
pling, where equivalent-time measurements of the voltage waveforms are made in a manner similar to the operation of
a sampling oscilloscope, and in the frequency domain as harmonic mixing, where the electrooptic sampler measures the
amplitude and phase of sinusoidal voltages on probed conductors, similar to a microwave network analyzer.

In synchronous or equivalent-time sampling, an optical probe pulse with a repetition rate fo (set by the laser) samples
a repetitive voltage waveform. If the waveform repeats at exactly N*fo, an integer multiple of the probe repetition

rate, an optical pulse interacts with the waveform every Nth period at a fixed point within its cycle. Over many
repetitions, the pulses sample the voltage waveform at the same time within the cycle, undergoing an equal modulation
of each pulse's intensity. The resulting change in the average intensity of the probe beam, proportional to the signal, -
is detected by a photodiode receiver whose bandwidth is much less than the optical pulse repetition frequency. To
detect the entire time waveform, the waveform frequency is increased by a small amount Af (Fig. 10.) The probe
pulses are then slowly delayed with respect to the waveform, sampling successively delayed points, so that the average
intensity at the photodiode changes in proportion to the waveform, but repeating at a rate At. The receiver then
averages (low-pass filters) the photocurrent over a period much longer than 1/fo, eliminating the individual pulses.
The averaged photocurrent iout is then continuous and varies with V(t) , but at the slow repetition rate Af

10
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IiM 01 (12)
L1n \4fo+Af .

W

where 10 is the average photodiode current. Typically fo is -82 MHz, N varies from 1 to 500 for circuit drive

frequencies to 40 GHz, and Af is 10 to 100 Hertz. In contrast to pump/probe sampling, which has one probe pulse for

every pump signal, the signal repeats N times between probe pulses in equivalent-time sampling. Because the pulse
repetition rate is harmonically related to the signal repetition rate, Nyquist's sampling theorem (which states maximum

recoverable signal bandwidth is half the sampling rate) does not apply in terms of setting the bandwidth of this

measurement. Instead, the bandwidth is determined by the sampling pulsewidth, the relative jitter between sampling

pulses, and the interaction time between the pulse and the signal. These factors are discussed in detail in Section 3.2.

The frequency domain description of equivalent-time sampling is known as harmonic mixing. The time domain signal

detected by the photodiode receiver, proportional to the product of the laser signal and the measured signal in the time

domain, has a frequency spectrum determined by the spectrum of the laser convolved with the spectrum of the measured

signal [35]. In the frequency domain

r i { V(t)) }1I3

J {(Pout(t) )= 7P(t) } * [8Q) i j (13)

where 7 is the Fourier transform operator, Pout(t) is the intensity out of the polarizer, P(t) is the laser intensity, 8() is

the delta function, and * represents the convolution operation. Figure 11 shows a schematic representation of this

convolution for a mode-locked laser spectrum and a single microwave frequency signal. Scaled replicas of the signal

appear in the laser intensity spectrum as amplitude-modulation sidebands around each laser harmonic. The magnitude

and phase of the signal is recovered from the baseband harmonic with a low-frequency photodiode and a synchronous

detector.

3. System performance

3.1. System description

The sampling system, shown schematically in Fig. 12, can be grouped into three sections; the laser system for optical

pulse generation, the microwave instrumentation for driving the IC under test, and the receiver system for signal pro-

cessing and data acquisition. The laser system consists of a mode-locked NdYAG laser, a fiber-grating pulse corn-

pressor, and a timing stabilizer feedback system. The Nd.YAG laser produces 1.06 im, 90 ps pulses at an 82 MHz

rate with free-running pulse-to-pulse timing fluctuations of 4 ps rms, reduced to less than 300 fs rms by a phase-lock-

loop feedback system [36,37] which synchronizes and stabilizes the laser pulse timing with respect to the microwave

synthesizer. The fiber-grating pulse compressor shortens the pulses to 1.5 ps FWHM (full width at half maximum)

V [38,39,40]. The beam passes through a polarizing beamsplitter and two waveplates to adjust its polarization, then is

focused through the IC substrate with a microscope objective to a 3 jun spot on the probed conductor (backside prob-

ing) or a 10 jn spot on the ground plane beneath and adjacent to the probed conductor (frontside probing.) The re-

flected light is analyzed by the polarizing beansplitter and detected by a photodiode connected to a vector receiver.

To drive the IC, a microwave synthesizer generates either sinusoidal excitation for microwave circuits, or the clock/data

signals for digital circuits. For wafer-level testing of ICs the drive signal is delivered with a microwave probe station
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(Cascade Microtech Model 42, Figs. 13&14) modified to allow for backside electrooptic probing. The transmission
line probes used with this test station allow for launching a signal on the IC with repeatable, low reflection connec-
tions in a 50 Q environment to 40 GHz.

V
Signal processing is critical to achieve accurate, shot-noise limited measurements. Harmonic mixing is used for vector .

voltage measurements. The synthesizer is set to an exact multiple of the laser repetition rate plus a 1-10 MHz fre-
quency offset, and the receiver is configured as a synchronous detector (i.e. an RF lock-in amplifier) to measure the
magnitude and phase of the received signal at the frequency offset. Equivalent-time sampling is used to view time
waveforms. The synthesizer is set to an exact multiple of the laser repetition rate (82 MHz), plus a small frequency
offset Af (1-100 Hz.) Pulse modulation, phase modulation, or fast offset/averaging signal processing as described in
section 3.3 is required to suppress laser intensity noise. The resulting signal varies at the slow offset rate AT in pro-
portion to the detected signal.

Direct electrooptic sampling has also been demonstrated using a mode-locked or gain-switched InGaAsP injection laser
to generate sampling pulses of 10-20 ps pulsewidth [41,42]. This system uses two synthesizers, referenced to a master
clock, to drive the laser and to supply a signal to the IC. The longer pulsewidths of the injection laser decrease the
system's time resolution compared to the 1.5 ps pulsewidths generated using the Nd.YAG/pulse compressor, but the
injection laser pulses have sub-picosecond timing jitter and the laser is a very compact and stable optical source with a ,

continuously tunable pulse repetition rate. This system has also been used to measure electrical signals in lnP (indium
phosphide) IC's [43].

3.2. Bandwidth

The system's bandwidth or time resolution is determined by the optical pulsewidth, the pulse-to-pulse timing jitter of
the laser with respect to the microwave synthesizer driving the circuit, the interaction time of the probe pulse and the
electrical signal, and the effective receiver response time. We assume Gaussian distributions for each term for
simplicity. The overall time resolution is the root-mean-square sum of these values

(Ttotal = (14)

where opw is the rms optical pulsewidth, a, is the rms pulse-to-pulse timing jitter, arr is the rms interaction time of
2

the pulse through substrate, and is the effective receiver impulse response time.

The relation between the time resolution and the frequency bandwidth for the optical pulse is given by

0.312 (5)
a FWHM (5

where for a Gaussian pulseshape cy FWHM= 2.35 * Orms is the full width at half-maximum (optical pulsewidth is

typically measured in terms of its FWHM, not its rms value), and f3dB is the half power frequency. This time-

bandwidth product is reduced by a factor of 1/42 from the time-bandwidth product of 0.441 due to the square-law
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I," photodiode detector, i.e. the optical intensity of the pulse is converted to a voltage in the receiver with a resulting

power spectrum related to the square of this voltage.

The 90 ps pulsewidth from the Nd:YAG laser results in a bandwidth of 3.5 GHz, clearly not suitable for high
bandwidth circuit measurements. To reduce the pulsewidth, a fiber-grating pulse compressor is used [38,39,40]. This
system, based on the Kerr effect or self-phase modulation in a single-mode optical fiber, generates a frequency chirp

pew on the laser pulse as it propagates through the fiber. The light emerging from the fiber is red-shifted on its leading

edge and blue-shifted on its the trailing edge with the frequency varying across the pulse duration in proportion to the
derivative of the intensity envelope. For a Gaussian intensity pulseshape (characteristic of mode-locked lasers) the
frequency chirp is nearly linear over the center of the pulse. These new frequency components are recombined into a
compressed pulse by passing the light through a grating pair, where the time-of-flight delay is linearly proportional to

the light's wavelength, thus acting as a dispersive delay line where the red-shifted leading frequency components are
delayed with respect to the blue-shifted trailing frequencies. The wavelength-dependent delay is adjusted by the
seperation of the gratings to match the frequency chirp of the light, producing a compressed pulse.

A number of effects limit the amount of pulse compression available with this technique; stimulated Raman scattering
limits the maximum optical power focused into the fiber core, and deviation from a linear frequency chirp on the pulse
due to non-ideal input pulseshapes can generate long pedestals on an otherwise short compressed pulse. Using a fiber
length of 1 km in the pulse compressor, the group velocity dispersion enhances the region of linear frequency chirp
[39], and the pulses from the mode-locked Nd:YAG laser are routinely compressed to 1.5 ps, a factor of 60:1. Using

two-stage optical compression, pulses as short as 200 fs at 1.06 pm have been generated [34].

The compressed pulsewidth, as measured with an optical autocorrelator, deviates from the autocorrelation of an ideal

Gaussian pulseshape as evidenced by slight "wings" or pedestals on the pulse due to the non-ideal frequency chirp of
input pulse (Fig. 15). The group velocity dispersion of the relatively long I km fiber reduces the pulse pedestals
compared to shorter fiber lengths [39]. A Gaussian pulse of 1.4 ps FWHM duration has spectral content extending
past 200 GHz, while the spectral content of the compressed pulse deviates from an ideal Gaussian pulse, where the
power spectral density is determined by numerically Fourier transforming the autocorrelation (Fig. 16) [35]. The
wings on the compressed pulse may be further reduced by "spectral windowing" [44] to remove part of the nonlinear
frequency chirp or polarization discrimination of the compressed pulse [45].

Timing jitter influences both bandwidth and sensitivity; the impulse response of the sampling system is the convolu-
tion of the optical pulseshape with the probability distribution of its arrival time (neglecting optical transit time),

while those Fourier components of the jitter lying within the detection bandwidth of the receiver introduce noise
proportional to the time derivative of the measured waveform (section 3.3). Stabilization of the laser timing is thus
imperative for low-noise measurements of microwave or picosecond signals. The timing fluctuations of the laser are
suppressed by phase-locking the laser to a high-stability reference oscillator [36.37]. Figure 17 shows the block
diagram of the feedback system. A photodiode monitors the 82 MHz laser pulse train, and the phase of its fundamental
component is compared with that of the reference oscillator, generating a phase error signal. The 41 MHz signal
required for driving the laser's acousto-optic (A-O) cell is generated by frequency division from the 82 MHz standard; its
timing (phase) is adjusted with a voltage-controlled phase-shifter controlled by the amplified and frequency-compensated

phase error signal. Given an error-free phase detector, the laser timing fluctuations are suppressed in proportion to the
loop gain of the feedback system. Figure 18 shows the measured phase noise of one harmonic of the laser with an HP
8662 low-phase noise synthesizer as the reference for the feedback system. From this measurement the time jitter is

calculated (see section 3.3, equation 26) to be less than 300 fs rms.
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The interaction time of the optical pulse and electrical signal in the GaAs substrate comes from several factors; the
response time of the electrooptic effect, the electrical transit time, and the optical transit time. The electrooptic effect

in GaAs arises primarily from its electronic polarizability and is intrinsically very fast (see Auston, this issue), with a
response time on the order of 10 femtoseconds. The electrical transit time is the propagation time of the electrical
signal as it traverses the spatial extent of the probe beam. For typical IC values this time is on the order of 60 fs [27].
The optical transit time is the propagation time of the optical pulse as it traverses the electric fields within the GaAs

substrate. For frontside probing of microstrip lines, where the field is uniform though the substrate, the optical transit
time is proportional to the substrate thickness. For backside probing of coplanar transmission lines or planar

interconnections, the electric field is not uniform in the substrate and the characteristic depth of the electric fields is on
the order of the conductor spacing; in this case the optical transit time is not a function of substrate thickness, but is
proportional to the conductor spacing. Because the optical and microwave dielectric constants in GaAs are nearly equal,
microwave transmission lines have a cutoff frequency for higher-order modes roughly equal the inverse of the optical
transit time. Well-designed microwave circuits operate at frequencies well below the multimode cutoff frequency.
Only when measuring interconnects near or above the cutoff frequency (where dispersive characteristics are of interest)
must the optical transit time be considered. For example, the optical transit time for a 125 pin thick substrate, typical
of MMICs operating at frequencies below 40 GHz, is 3 ps, corresponding to a 3 dB response rolloff of >100 GHz.

The effective receiver impulse risetime arises from the constraint put on the receiver bandwidth by the required system
sensitivity. We assume for analysis the receiver has a Gaussian impulse response

h(t) (16)

where at is the rms duration. Then, the receiver frequency response

H(f) = ex (17)

has an rm., signal acquisition bandwidth Bacq = lt2irt. Because the sampled signal at frequency Nf0 is translated to a

lower freq iency Af at the receiver (Eqn. 12), the effective receiver impulse response for synchronous sampling is

Af = A" (18)=Nf°ot Nf0i 2niB c

Given a required time resolution .nj from the electrooptic sampling system, the scan rate Af of the sampler must

then be limited. With fixed time resolution, larger receiver bandwidths Bacq permit faster waveform scan rates, but de-

grade the measurement sezsitivity.

3.3. Sensitivity

14

Nr "



% % ,, q °. . . , - -'. ° ,. ,* .. ._- *S , * . _- °- °~. . . . ...- -

.4,

If the measurement bandwidth provided by the electrooptic sampler is to be useful, the instrument must also provide "p

sufficient sensitivity to observe signal voltages typical of high-speed GaAs circuits. As in any system, sensitivity is "p

determined by the signal to noise ratio; the instrument's sensitivity, or minimum detectable voltage, is the probed
voltage which results in a measured signal equal to the measurement system's noise signal. Most noise sources have
power spectral densities which are independent of frequency ("white" noise), resulting in a noise voltage proportional to
the square root of the signal acquisition bandwidth Bacq and a minimum detectable voltage expressed in units of volts
per root Hertz (V/i'.) Smaller minimum detectable voltages permit more rapid measurement acquisition for fixed
measurement accuracy. With appropriate system design and signal processing, the various sources of noise in the L
electrooptic sampler can be reduced or eliminated, permitting low-noise voltage measurements with fast data acquisi-
tion.

The fundamental limiting noise source in electrooptic sampling is the shot noise of the probe beam (observed as shot
noise of the photodiode quiescent current.) The signal generated by the photodiode (dropping the constant term I0)

from Eqn. 12 is

/ou(t)2= V( tar ) + i (20)VI =Nfo+Afj SN

The shot noise, iSN, associated with the DC component of the photodiode current has a variance given by I',

.2 "
2N = 2qIojBe (21)

where q is the electron charge, the horizontal bar denotes the statistical expectation, and

Beq= " Beq (22)

is the receiver's equivalent noise bandwidth. Setting the signal current IxVmin/VR equal to the shot noise current, and
normalizing to Beq =1 Hz acquisition bandwidth, the minimum detectable voltage is

Vmin Volts (23)

For the reflection-mode probing geometries, V, 5 kV, while the average photocurrent I0 is typically 1 mA. Then,

the minimum detectable voltage is

Vmin: 30 pvt4-& (24)

Typically, Vmin -70 g V4,iT is observed experimentally due to -10 dB of residual noise from the system (dominated
by excess amplitude noise from the pulse compressor); this sensitivity is sufficient to acquire measurements at scan 1]

rates of 10-100 Hz with a noise floor of a few millivolts. The actual measurement system has a number of additional
excess noise sources to contend with to achieve 70 .tV14iiH sensitivity. These include timing jitter of the laser (phase
noise), intensity noise of the probe beam from low frequency laser fluctuations and from the pulse compressor, and
receiver noise.
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Low-frequency fluctuations in the mode-locked laser introduce noise into the received photocurrent. Fluctuations in the

mode-locked Nd:YAG laser include variations in both pulse intensity and pulse timing. The laser produces a train of
pulses approximated by

P(t)0=- [1 +N(t)] - m/fO - J(t)] (25) "0'fo
in -- a "

where N(t) is the normalized pulse intensity fluctuation and J(t) is the pulse timing fluctuation. The laser intensity
then has a power spectral density Sp(f) approximated to second order in mfoaj by

SP(f)p2 { [l(2xmfoY)2]8(f m f0) + [1-(2xmfOai)2] SN(f-mf 0) + (2mfo)2S (f-mfo)
M=--!

(26)

where SN(t) is the power spectral density of N(t) and Sj() is the power spectral density of J(t). The spectrum of the
laser intensity is a series of discrete spectral lines at multiples of fo, plus spectra resulting from the timing and
amplitude fluctuations, referred to as amplitude-noise sidebands [SN(f-mfO)] and phase-noise sidebands [(2mf 0 )2Sj(f-

mfo)]. By monitoring the laser intensity with a spectrum analyzer and measuring the relative powers of the laser
harmonic and its noise sidebands as a function of the order of the harmonic, the spectral densities of N(t) and J(t) are '1
measured.

With these amplitude and timing fluctuations, the received photocurrent iout(t) is

iouA(t) " 0 +,Ion (- tf- )+ ilaser0 + ilaser,1 + iphase (27)
V7 Nfo+ Af)

where

ilme=,O IoN(t) (28)

is the zero-order (background) received noise current due to laser intensity fluctuations,

ilawrj = N(t) 1O7 V( tAf (29)

is a received noise current arising from the product of the laser intensity fluctuations and the signal voltage, and

iphase = J(t)V (30)ltNfo+ f)
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is the noise arising from the laser timing fluctuations, where V (t) is the time derivative of V(t). We have assumed
that Af<<Nfo, and have omitted terms in N(t)J(t), as these are negligible.

The spectral density SN(t of the laser intensity noise N(t) is shown in Fig. 19. At frequencies below -I kHz, the laser
intensity noise is approximately 70 dB greater than the shot noise of a 0.5 mA receiver photocurrent. At higher
frequencies the noise power decreases, reaching an asymptote 5-15 dB above the shot noise level at frequencies greater
than -100 kHz. The excess noise at frequencies above 100 kHz arises from Raman scattering and polarization noise in %

the optical pulse compressor. If the sampled signal were detected at a low frequency, the zero-order laser intensity noise
ilar,0 would contribute a 103:1 degradation to the minimum detectable voltage. To suppress the zero-order laser in-
tensity noise, the excitation to the circuit under test is modified so that the received photocurrent iout(t) has a spectral

component, with amplitude proportional to the probed voltage, at a frequency above the 100 kHz 1/f noise comer fre-
quency. One method is pulse modulation (chopping) of the drive signal. The received photocurrent then has a spectral
component at the chopping rate whose amplitude varies in proportion to the sampled point on the signal waveform.
The chopping frequency is set from 1-10 MHz, well above the 1/f noise corner frequency, to achieve near-shot-noise

limited detection.

Driving digital IC's requires modification of the pulse modulation scheme, since most digital circuits require
continuous drive signals for their clocks. One alternative is phase modulation of the drive signal, corresponding to
controlled jitter in lime, at the chopping frequency. The received photocurrent then has a component at the chopping
frequency whose amplitude is proportional to the time derivative of the sampled signal, and is recovered by integration
[46]. The drawbacks to this technique are circuit sensitivity to clock jitter (usually negligible) and a reduction in the
signal-to-noise ratio (due to the differentiation) by a factor of the square root of the acquisition bandwidth. A second
signal recovery scheme, termed fast offset and averaging, relies on increasing the frequency offset Af to a rate above the
low-frequency laser noise, 100 to 200 KHz. The signal is recovered by high-pass filtering to remove the low-frequency
laser noise, then by signal averaging at the offset rate Af. If the received signal is averaged at the scan rate, the
sensitivity using fast averaging is the same as for simple synchronous sampling with the same measurement
acquisition time. Commercial digitizing oscilloscopes have limited averaging rates; at scan rates of 100-200 kHz,
most instruments can average a maximum of only 100-200 scans per second, corresponding to a signal-to-noise
reduction of 30 dB from averaging at the fast scan rate. Even so, we have demonstrated the feasibility of this technique
using a commercial digitizing oscilloscope, and the signal-to-noise reduction, compensated for by increased
measurement acquisition time, is justified for testing IC's that are sensitive to signal chopping.

The two remaining noise terms arising from laser low-frequency fluctuations, ilas, l and iphue, are not suppressed
by signal chopping or signal phase modulation. Because these noise terms arise from the products N(t)V(at) and

J(t)Vl(at), their power spectra are proportional to the convolutions SN(f)*Sv(f/t) and S,(f)*f 2 Sv(f /c)/ 2 , respec-

tively, where SV(f) is the power spectrum of V(t). Pulse-modulaion or phase-moduLation of V(t) at a frequency fmod
results in a received photocurrent having spectral components at fnod arising from both V(t) and from the multiplica-
tive laser amplitude noise ila,l and the received phase noise iph.ue. Instead, these noise terms must be suppressed
by laser stabilization. The laser timing stabilizer reduces Sj(f) by 20-25 dB at frequencis lying within typical receiver

bandwidths Bq of 10 Hz- kHz. Fig 20 shows the resulting suppression of received pha.e noise on a 20 GHz sampled
signal. The multiplicative amplitude noise ila, 1 can be suppress& by feedback stabilization of the laser intensity

[47]. As the multiplicative amplitude noise scales with the signal voltage V(t), without laser amplitude stabilization it
is a significant source of measurement error in the electrooptic sampling system for signal voltages larger than - 1 V.

Additional noise arises from the receiver, which has an equivalent input noise current
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]receiver - RL lamp Vamp (31) -

where k is Boltzmann's constant, T is the absolute temperature, and RL is the photodiode load resistor. The first term 4

2 2
is the Johnson or thermal noise of the load resistor, and i ap and vmp alntamp Vamp are the equivalent input noise current and

equivalent input noise voltage of the amplifier following the photodiode. Receiver noise is reduced to a level below

the shot noise limit by appropriate receiver design; RL is made large in comparison with 2kT/qlO so that Johnson

noise is well below shot noise and the photodiode amplifier is selected for low input noise.

The pulse compressor introduces excess amplitude noise due to stimulated Raman scattering (SRS) and temperature-

induced polarization drift in the non-polarization-preserving fiber [48]. We observe the broadband background

amplitude noise increase dramatically (20-40 dB) above the shot noise limit as the input power to the fiber approaches

the Raman threshold. A periodic structure to the noise spectrum (Fig. 21) corresponds to the free spectral range of the

1 km fiber. We attribute this effect to a parasitic synchronously pumped fiber-Raman laser formed by the 4% Fresnel

reflection at each fiber end facet and the high gain of the 1.06 ptm pumped SRS [49,50]. Self-phase modulation (SPM)

occurs over the entire length of the fiber while the interaction length for SRS is set by the dispersion-induced walkoff

between the input and Stokes-shifted wavelengths, approximately 60 meters. This dispersion also causes the 1.06 lim

pump and the 1.12 lim Raman pulse to separate by 1.8 ns over the length of the 1 km fiber. If the weakly reflected

Raman pulse is synchronized to within 1.8 ns of a pump pulse it is further amplified after its first round trip through

the fiber. With this condition the Raman threshold with the 1 km fiber is 400 mW average power from the fiber

output. Trimming the fiber length a few inches defeats this synchronism and increases the Raman threshold to 700

mW. We routinely obtain 60X compression ratios at power levels (350 mW average power from the fiber output) well

below the Raman threshold.

In addition to SRS the fiber generates broadband polarization noise, possibly arising from guided acoustic wave Bril-

lioun scattering [51] or intensity-induced polarization fluctuations [45]. The polarization noise is converted to ampli-

tude noise after passing through the grating pair in the compressor. Adjusting the polarization from the fiber to max-

imize transmission through the grating path results in second-order intensity variations due to polarization fluctuations,

reducing this excess noise to a level approaching the shot noise limit (Fig. 22). However, the pulse compressor with

the relatively long 1 kn fiber typically contributes 5 to 15 dB of (-xcess amplitude noise. To suppress polarization

drift, the non-polarization- preserving fiber is placed in a temperature .stabilized environment.

3.4. Spatial resolution

The spatial resolution of the probe is set by diffraction-limited focusing of the 1.06 ,im wavelength beam. The mini-

mum achievable spot diameter (full-width half maximum) for diffraction limited optics is

do = -52NA2  (32)

2NA%
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where X is the optical wavelength and NA is the numerical aperture of the focusing lens. With a high NA lens spot

sizes approaching the optical wavelength are possible. Standard microscope objectives (focal length of 8 mm and NA

of 0.4, for example) routinely achieve spot sizes of 3 gm, suitable for probing most IC interconnects but not for

probing very small features such as sub-micron gate lines.

3.5. Linearity

Because typical circuit voltages are small compared to the h,,f-wave voltage VX, the probe beam intensity modulation

is small and very nearly linear with respect to the probed voltage. An analysis of the linearity and dynamic range of

the probe due to the sinusoidal dependence of the probe intensity with respect to signal voltage [27] shows the probe is

linear to within 1% for signal voltages 5200 volts with the system set at the quarter-wave bias (the linear region of the

sinusoidal transmission) as in Eqn. 8.

3.6. Invasiveness

One important feature of optical probing of [C's is the non-contact, non-destructive nature of the technique. Compared

to conventional electrical probes, the optical probe makes no mechanical contact to the IC, avoiding physical damage

to the circuit, does not require the test point to drive a 50 Q2 load impedance, and has no parasitic impedances. The lack

of parasitic impedances is an important characteristic for measurement frequencies in the upper microwave and

millimeter-wave region, where even the small parasitic impedances of well-designed electrical probes become sig-

nificant. The optical probe can perturb the circuit either by photoconductively generating carriers, which then change

the substrate conductivity and generate photorefractive or photovoltaic potentials, or by the inverse electrooptic effect

or optical rectification. Direct band-to-band absorption of the probe is avoided because the photon energy of the 1.06

pm optical probe, 1.17 eV, is well below the bandgap energy, 1.42 eV, of GaAs. However, the presence of impurities

in the GaAs results in deep levels, i.e. the presence of allowed electron states at energies near mid-bandgap. The deep

"" levels, primarily the EL2 level, absorb some of the 1.06 pm light in the GaAs and generate free carriers. Absorption

"" can also occur if the probe beam is too intense. With tight beam focusing and short pulse duration, probe beams of

average intensities approaching 100 mW have peak pulse intensities sufficient for two-photon band-to-bend absorption.

On circuits, we observe changes of approximately 0.1 dB in the forward gain (S2 1) of microwave distributed amplifiers
with an intense 125 mW probe beam at 1.06 urn wavelength. Focusing directly within the active FET channel causes

'V significant changes in drain current. However, the probe is not focused within the device for circuit measurements, but

on the adjacent metal interconnects. For testing digital circuits probe beam intensities are kept below -50 mW

typically. Probe beam intensities can be reduced by a factor of ten, reducing the photogenerated carrier concentration by

.. a similar factor, without severe degradation of the system sensitivity (Eqn. 23). Residual invasiveness of the probe can

also be reduced by increasing the probe beam wavelength from 1.06 to 1.3 pm, where the absorption due to the EL2

- deep level is reduced by a factor of 5 (52,53].

4. Circuit measurements

4.1. Realistic circuit testing conditions

Optical probing, providing access to the high-impedance internal nodes of [C's with picosecond time resolution and

micron spatial resolution, permits direct measurements of the performance of state-of-the-art microwave and digital

GaAs circuits. To permit meaningful evaluations of a circuit's performance and to provide meaningful comparisons

S between competing circuit technologies, these measurements must be made under realistic circuit operating conditions
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The propagation delay of switching devices in simple test circuits, measured by either electrooptic sampling or by
conventional methods, are used to project the maximum clock frequency of these devices used in digital systems. Un-
less the test circuit provides representative switching voltages, interface impedances, and fan-outs, the measured delays
will not correlate well with the maximum clock frequency of circuits such as shift registers, binary multipliers, and
memory. For example, the response of a transistor driven by a low-impedance photoconductor and loaded by a low-

S impedance, 50 fQ transmission line is in general much faster than the response of a logic gate driven by the normal
output impedance of a driving gate and loaded by the normal input capacitances of cascaded gates. If the test circuit is
constructed in hybrid form with wire bonds between the tested device and the transmission lines, the interconnect para-
sitics may dominate the circuit response.

Ring oscillators and inverter strings, the simplest digital test structures, are often used as benchmarks of circuit speed.
These circuits load the gates with unity fan-out and tend to give optimistically small delay measurements. Ring
oscillators often operate small-signal, without full logic-level swings, while inverter strings operate with full logic-

level swings. Master-slave flip-flops, connected as binary frequency dividers, operate with logic signal levels and with
each gate loaded by a fan-out of two, and serve as better performance indicators.

For microwave/analog circuits such as distributed amplifiers, appropriate test signals are swept-frequency sinusoids for
small-signal transfer function measurements, or single-frequency signals set to larger amplitudes for large-signal and
saturation measurements. Signal sources and terminations should have 50 fl impedances to eliminate source and load
reflections.

4.2. Digital circuit measurements

Ring oscillators provide a measure of a gate delay from the rate of a free-running signal propagating around an odd-
numbered ring of inverters, i.e. the repetition period corresponds to product of the average gate delay and the number of
gates. These free-running circuits are not readily clocked with an external signal, making synchronization to the probe
pulses for electrooptic sampling difficult. Inverter chains, however, consisting of series of cascaded inverting logic
gates, must be clocked with an external signal, permitting the synchronization of probe pulses for electrooptic mea-
surements and assuring full logic-level switching of the gates. Typically, average gate delays are measured with sam-
ping oscilloscopes; the propagation delay of the entire chain is measured and divided by the number of inverters to ob-
tain the average delay of an individual inverter. For electrooptic testing the input inverter is switched with a mi-
crowave synthesizer, generating a square wave that ripples through the test structure. The first several inverters condi-
tion the input signal, sharpening the switching transients until the signal risetimes and falltimes reach a steady-state
value. The optical probe is then positioned from node-to-node, measuring directly the propagation delays and signal

risetimes at gate input and output nodes and at nodes internal to the gate.

Fig. 23 shows a gate delay measurement on an inverter chain implemented in lwm gate-length buffered-FET logic
MESFETS, with Fig. 24 showing an SEM picture of one inverter. The delay between curves A and B of Fig. 23 is
the propagation delay of the inverting common-source stage, 60 ps, while the delay between curves B and C is the de-
lay of the source-follower buffer and diode level-shifter, 15 ps. The inverter chain from Lawreice Livermore Nauonal
Labs [54] consisted of 20 gates each with a fan-in and fan-out of unity.

The timing of inverter chains has also been examined by Zhang, et. al. [55], optically triggering an inverter in the
N.? chain and using electrooptic sampling to measure the circuit response and gate propagation delays in a pump/probe

configuration. A frequency-doubled portion of the probe beam (at X=532 nm) focused on the gate region of a FET
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photoconductively generates carriers, turning on the FET and generating a switching transient that propagates down the
test structure. The probe beam, positioned at a node after the switched gate, is successively delayed with respect to the
switching pulse to map the transient waveform. This technique offers an all-optical approach, avoiding microwave
connection to the IC, which is suitable for testing of simple IC test structures. However, optical triggering is an
impractical method for generating the multiple clock and data signals required to drive large scale IC's.

A higher-level test circuit for IC performance is the static frequency divider, consisting of two flip-flops in a master-

",p slave divide-by-two arrangement [4]. The maximum clock frequency of the divider, set by the propagation delays
through the master-slave feedback path, provide an indirect measure of the devices' speed. Testing this circuit is nor-

.r. mally accomplished by increasing the clock rate of the divider until its divide-by-two output fails.r1.

The schematic of such a frequency divider is shown in Fig. 25. The circuit, from Hughes Research Laboratories (see
Fig. 26), uses 0.2 pim e-beam written gates, molecular-beam epitaxy grown channels, air-bridge interconnects, and

optimized feedback to achieve high frequency clock rates. The dividers were implemented in two circuit families,
buffered-FET logic (BFL) and capacitively enhanced logic (CEL). Conventional testing, using transmission line

probes to drive the circuit and monitor its output on a spectrum analyzer indicated correct circuit operation to 18 GHz.
However, the spectrum analyzer gives inconclusive evidence of correct divider operation, since it measures only the
output frequency and not the time waveforms. By direct waveform measurements using electrooptic sampling, correct

." divide-by-two operation was verified, gate propagation delays of 20-30 ps were measured and correlated to maximum

clock frequencies (Fig. 27), and the internal delays through the inverting and source-follower stages of individual BFL
gates were identified [561. Note that while the scaled 0.2 p.m gate-length FETs had significantly shorter delay through

the inverting stage, the delay through the buffer stage was comparable to the I pm BFL from LLNL. These data
suggest the speed limitation through the buffer stage is no longer transistor limited but limited by the resistance-
capacitance time constant of the level-shifting diode resistance and the input capacitance of the cascaded gates.

The spatial resolution of the electrooptic sampler permits probing of MSI GaAs digital IC's to determine signal rise-
times and relative timing. Fig. 28 shows serial output waveform probed on a 2 pin conductor internal to the output
buffer in a 2.7 GHz 8-bit multiplexer/demuliplexer from Tri-Quint Semiconductor t57] and Fig. 29 shows the 8-phase
clock waveforms probed on 4 i metal interconnects. Similar measurements have recently been made on gigahertz
logic flip-flops and counters [58].

4.3. Microwave circuit measurements

At microwave and millimeter-wave frequencies, where conductor lengths and circut element sizes often become large
.'- with respect to the electrical waelength, direct measurements of conauctot voltages and currents are difficult. parucu-

larly with conventional electrical test instrumentation Direcuonal couplers and directional bridges separate the forward
and reverse waves on a transmi:on line, standard microwave test instruments use these to measure the tinc dent and
reflected waves at the ports of a microwave d,.vtc or network. The relationstup between these waves is expressed as
the wave scattenng matrix S known as the scittenng parameters 1591 The electrooptc sampler directly measures
voltages, but not currents. pievenung a direct measure of 2-port parametears Measunng the voltage as a function ot

" position with the optical probe 1I01. similar to a slotted-line measurment. permiLts cakulatuin of the incident and re.-
erse waves on the transmission lines connecting to devices From this informauon the network scattenr.g parameters

can then be determined.
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The vector voltage due to the sum of the forward and reverse traveling waves on a losssless transmission line conductor

is

V(z) = V+exp(-jBz) + Vexp(+jBz) (33)

where V+ and V- are the forward and reverse traveling wave coefficients, B is the wavenumber 2NA, and z is the posi-
don. The traveling-wave coefficients are calculated by measuring this vector voltage as a function of position along a
conductor using the optical probe then solving for these coefficients. For a one-port transmission line the ratio of the
traveling wave coefficients V+ and V- is the reflection coefficient r, or S11 , the return loss. An example of such a
measured vector standing wave and the calculated reflection coefficient for an unterminated CPW transmission line at a -
drive frequency of 40 GHz is shown in Fig. 30, and a similar measurement with an unmatched load terminating the
line at 20 GHz is shown in Fig. 31. Extending this technique to calculate the incident and reflected waves on the
input and output ports of a network allows for calculation of the S-parameters with a reference plane defined on the
integrated Circuit.

On GaAs microwave amplifiers and similar MMIC's, the propagation of microwave signals internal to the circuit can
be measured. Figure 32 is a monolithic 2-18 GHz MESFET distributed amplifier from Varian Research Labs [61,621
with coplanar-waveguide transmission line interconnects. The circuit diagram is shown in Fig. 33. In a distributed
amplifier, a series of small transistors are connected at regular spacings between two high-impedance transmission
lines. The high-impedance lines and the FET input and output capacitances together form synthetic transmission lines
of 50 Q characteristic impedance. Series stubs are used in the drain circuit, equalizing the phase velocities of the two
lines and providing partial matching between the low impedance of the output line and the higher output impedances of
the FETs at high frequencies, thereby peaking the gain. Measurements of interest include the relative drive levels to
the individual FETs as influenced by the loss and cutoff frequency of the synthetic gate line, the small-signal voltage
at the drain of each FET, and identification of the saturation mechanisms leading to amplifier gain compression.

Figure 34 shows the small-signal gate voltages versus frequency for the amplifier of Fig. 32; several features can be
noted. The rolloff beyond 18 GHz is the cutoff frequency of the periodically-loaded gate line, the slow rolloff with fre- •
quency is the gate line attenuation arising from the real part of the FET input admittance, and the ripples are standing
waves resulting from mistermination of the gate line (i.e. the load resistance not equal to the synthetic line's character-
istic impedance.)

Similar measurements can be made on MMIC's using microstrip transmission lines. Figures 35 and 36 show the S
small-signal drain voltages versus frequency for a distributed amplifier with microstrip transmission lines (Fig. 37, ' -

also from Varian Associates.) The strong variation with frequency and position results from interference of the forward .-

and reverse waves on the drain transmission line.

Used in the synchronous sampling mode, the electrooptic sampler can measure the voltage waveforms at internal nodes .
under conditions of circuit saturation, permitting identification of the saturation mechanisms. Figure 38 shows the
voltage waveforms at drains 4 and 5 of the microstrip distributed amplifier operating at 10 GHz and 7 dBm input pow-
er, corresponding to the 1 dB gain compression point. For this amplifier, at frequencies above 5 GHz, gain saturation
arises predominantly from drain saturation (i.e. reduction of Vdg to the point where the drain end of the channel is no
longer pinched off) of the fourth and fifth FETs. Saturation at drive frequencies as high as 21 GHz can be observed 5
(Fig. 39). Even if the probed points had been accessible with electrical probes, these measurements would not be pos-
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sible with sampling oscilloscopes (due to limited bandwidth), spectrum analyzers (magnitude response only), or net- %

work analyzers (small-signal response only).

5. Conclusion

A variety of new probing techniques for high-speed integrated circuits have been investigated, with the objective of

providing an instrument with bandwidth greater than that of the tested device, a spatial resolution sufficient to permit

access to finely spaced conductors within these circuits, measuring their potential independent of the potential of nearby

conductors, and with negligible degradation of measurement accuracy from circuit perturbation. The techniques dis-

cussed in the introduction use either electron or optical beams to measure electrical signals on an IC, and all have some

degree of tradeoff between achieving best time resolution, spatial resolution, and perturbation of the circuit operation.

Direct electrooptic sampling uses the substrate of the GaAs IC itself as the electrooptic modulator, eliminating external

electrooptic elements and their invasive aspects, and permitting access to arbitrary points within the circuit without

physical contact to a resolution limited by the diameter of the focused infrared probe beam. With the substrate serving

as the electrooptic element, the optical properties of the circuit must be considered (polishing of the substrate backside

and metallization reflectivity), and probe beam absorption through deep levels in the GaAs substrate may affect circuit

operation. Reducing the probe beam intensity or using a longer wavelength beam reduces this perturbation. The

sections on system bandwidth and sensitivity describe limits on the instrument's time resolution and accuracy. Since

the intensity modulations due to the electrooptic effect are small, full understanding of the noise sources in the system

and methods for their suppression is crucial if the system is to provide useful circuit measurements. The resulting

system has a time resolution of less than 2 ps, a corresponding bandwidth greater than 100 GHz, a sensitivity of 70

gaV/i'- and a spatial resolution of less than 3 microns.

The direct electrooptic sampling system has several aspects critical for IC testing in addition to internal node testing.

Synchronization of the laser probe pulses to the signal generator driving the IC permits operation of the circuit in its

normal fashion, driven by microwave or digital signals from electronic sources. Integration of the electrooptic sam-

pling system with a microwave wafer probe station permits wafer-level optical probing of high-speed IC's. Measure- IL

ment results on a variety of GaAs analog microwave and high-speed digital integrated circuits have been presented,

such as gate propagation delay and logic timing measurements of an 8-bit multiplexer/demultiplexer clocked at 2.6

GHz, a 20 gate inverter chain using lum MESFET technology, 18 GHz static frequency dividers using 0.2 tm

MESFET technology on digital IC's, internal signal measurements on 2-18 GHz microstrip and coplanar waveguide

traveling-wave amplifiers, and voltage standing wave and reflection coefficient measurements on transmission lines at

frequencies to 40 GHz. Extending the standing-wave measurements to two-port devices will permit on-wafer mil-

limeter-wave scattering parameter measurements with the reference planes located at the device terminals on the IC.
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